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CHAPTER I 
 
INTRODUCTION 
 
Since higher plants are sessile, they are continually exposed to environmental 
stress, including high light (HL), chilling, heat, ozone, drought, and salinity.  The 
imposition of environmental stress disrupts the metabolic balance of cells, resulting in 
enhanced production of reactive oxygen species (ROS), such as hydrogen peroxide 
(H2O2), singlet oxygen (1O2), superoxide radical (O2-), and hydroxy radical (Asada 1999, 
Foyer and Shigeoka 2011).  Because of their high reactivity, the accumulation of ROS 
leads to oxidative damage of important cellular compounds such as DNA, proteins, and 
lipids (Mittler 2002, Foyer and Shigeoka, 2011).  Consequently, plant organisms have 
the efficient ROS-scavenging systems in various cellular compartments (Ishikawa and 
Shigeoka, 2008; Noctor et al., 2011; Gallie, 2013).  On the other hand, recent findings 
indicate that ROS act as signaling molecules associated with many biological process, 
including responses to environmental and biotic stress, modulation of hormone signaling 
pathway, programmed cell death, growth, and development (Apel and Hirt, 2004; Foyer 
and Noctor, 2005; Foyer and Shigeoka, 2011; Shigeoka and Maruta, 2014).  Thus, ROS 
play dual roles: as harmful toxic compounds and signals that modulate gene expression 
for plant acclimation to stress (Mittler et al., 2004, 2011; Gadjev et al., 2006; Schmidt and 
Schippers, 2014; Schmitt et al., 2014) (Figure I-1).   
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Figure I-1.  A scheme of ROS-mediated response to stress. 
 
 
It is becoming clear that the ROS are essential in response and adaptation to stress.  
In plant cells, ROS are generated not only as by-products of primary metabolisms but 
also by ROS-producing enzymes, such as plasma membrane- or apoplast-localized 
oxidases and peroxidases, including NADPH oxidase, called the respiratory burst oxidase 
homolog (Rboh) (Torres et al., 2002; Sagi et al., 2006; Maruta et al., 2011; Mittler et al., 
2011).  Indeed, apoplastic Rboh (RbohD) is essential for plant immunity, because ROS 
produced by Rboh are considered to be directly toxic to pathogens, induce stomata 
closure to restrict pathogen entry, strengthen the plant cell wall, activate the expression of 
defense genes, and trigger systemic signaling (Torres et al., 2006; Marino et al., 2012; 
Kadota et al., 2015).  Additionally, recent findings indicated that chloroplastic ROS also 
have an important role in plant immunity (Yao and Greenberg, 2006; Liu et al., 2007; 
Zurbriggen et al., 2009; Gou et al., 2015).  Conclusively, Caplan et al. (2015) 
demonstrated that stroma-filled tubules that extend from chloroplasts (stromules) are 
induced and transport defense signals, including H2O2, into the nucleus during immunity.  
On the other hand, physiological importance of chloroplastic ROS in abiotic stress 
responses is supported that Arabidopsis mutants (KD-CSD2) with suppressed expression 
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of the thylakoid-attached copper/zinc superoxide dismutase (CSD2) showed a dwarf 
phenotype even under normal growth conditions, but were more tolerant to oxidative 
stress due to the induction of other defense-related genes (Rizhsky et al., 2003).  
Interestingly, these findings imply the existence of common and source-/kind-specific 
pathways for ROS signaling (Figure I-2).  Consistent with this speculation, recent 
comparative analyses of ROS-responsive transcriptome have indicated that the response 
of a number of genes to ROS is irrespective to the kind and production site of the 
compounds, whereas the response of another set of genes is highly specific (Gadjev et al., 
2006).  It is thought that the synergistic and antagonistic interactions of these ROS 
signaling pathways has essential roles in the fine-tuning of plant responses to 
environmental and biotic stress.  Vanderauwera et al., (2011) revealed that the lack of 
both, but not respecitively, cytosolic ascorbate peroxidase (APX) and peroxisomal 
catalase enhanced tolerance to oxidative stress and inhibited of programmed cell death 
(PCD) accompanying the activation of a DNA damage response, indicating the 
physiological importance of crosstalk between cytosolic and peroxisomal ROS-mediated 
signaling in stress responses.  Moreover, it has been reported that overexpression of 
tAPX in flu mutants enhanced 1O2-dependent programmed cell death, suggesting that 
H2O2 generated in chloroplasts is an antagonist of oxidative signaling through 1O2 (Laloi 
et al., 2007).  Therefore, the balance between ROS production and scavenging must be 
tightly regulated in plant cells under stress conditions, and the analysis of physiological 
functions and molecular mechanisms of not only common- but also source- and/or 
kind-specific ROS pathway is required for understanding the complex network of ROS 
mediated redox signaling.   
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Figure I-2.  Sub-cellular distribution of ROS mediated-oxidative signaling pathway. 
 
 
The photosynthesic organisms have developed maintenance system of cellular 
redox states for several antioxiant enzymes such as APX, catalase, superoxide dismutase, 
glutathione peroxidase, and thioredoxin, and antioxidant compounds, including ascorbate, 
tocopherol, glutathione, and anthocyanin (Chalker-Scott, 1999; Noctor et al., 2011; Foyer 
and Noctor, 2011; Gallie, 2013; Shigeoka and Maruta, 2014).  Ascorbate and glutathione 
are major aqueous antioxidants in plant cells and, thus, act as essential redox buffers 
(Noctor et al., 2011; Foyer and Noctor, 2011; Gallie, 2013).  They comprise the 
ascorbate-glutathione cycle, in which APX reduces H2O2 to water using reduced 
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ascorbate (AsA) as an electron donor.  In addition, ascorbate itself can also detoxify 
ROS thought non-enzymatic reaction.  These reactions lead to the production of 
monodehydroascorbate (MDHA).  MDHA is reduced back to AsA by MDHA reductase 
(MDAR) or ferredoxin, otherwise it is spontaneously disproportionated into AsA and 
dehydroascorbate (DHA).  DHA reductase (DHAR) reduces DHA to AsA using reduced 
glutathione (GSH) as an electron donor.  Oxidized glutathione (GSSG), a product of the 
DHAR reaction, is then recycled by glutathione reductase (GR).  NAD(P)H serves as an 
electron donor for MDAR and GR activities.  This cycle is distributed to the cytosol, 
chloroplasts, mitochondria, and peroxisomes and contributes to the modulation of cellular 
redox states (Asada 1999, Shigeoka et al., 2002; Chew et al., 2003; Gallie, 2013) (Figure 
I-3).  In addition, ascorbate is required for other photo-protection-related pathways, 
including the xanthophyll cycle (Eskling et al., 1997), regeneration of tocopherols 
(Munné-Bosch and Alegre, 2002; Sattler et al., 2004), and biosynthesis of flavonoids 
(Page et al., 2012).  In the xanthophyll cycle, ascorbate serves as an electron donor for 
enzymatic reactions catalyzing the de-epoxidation of violaxanthin to antheraxanthin and 
zeaxanthin, enhancing the dissipation of light energy as a heat under photo-oxidative 
stress conditions (Eskling et al., 1997).  Furthermore, the role of AsA as an electron 
donor in photosystem I (PSI) and PSII has been demonstrated (Mano et al., 2004; Asada, 
2006; Page et al., 2012;  Toth et al., 2013).  These findings indicate that ascorbate 
recycling via DHAR and MDAR is important for the modulation of the redox states of 
cellular components, photosynthesis, and stress responses in plants.   
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Figure I-3.  Sub-cellular localization of ascorbate-glutathione recycling enzymes in 
Arabidpsis plants. 
 
 
In this study, to clarify the molecular mechanisms of redox-mediated stress 
responses in higher plants, I studied the followings;  
(1) H2O2-triggered retrograde signaling from chloroplasts to nucleus plays specific role in 
response to stress,  
(2) Comprehensive analysis of chloroplastic H2O2 responsive genes involved in stress 
responses in Arabidopsis,  
(3) Regulation of cellular redox states by dehydroascorbate reductases under 
photooxidative stress in Arabidopsis.   
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CHAPTER II 
 
H2O2-triggered retrograde signaling from chloroplasts to nucleus plays specific role 
in response to stress 
 
Introduction 
 
In plant cells, ROS are produced as by-products of central metabolism, such as 
photosynthesis, respiration, and photorespiration, in chloroplasts, mitochondria, and 
peroxisomes, respectively.  In particular, chloroplasts are one of the most significant 
sources of ROS in plant organelles because the Mehlar reaction leads to the formation of 
ROS in light-exposed plant cells.  The ROS generated in chloroplasts act as a retrograde 
signal to the nucleus for regulating plant responses to environmental stress.  The 
identification of a conditional fluorescent (flu) mutant of Arabidopsis, which allowed the 
production of 1O2 within plastids in a controlled manner, provided genetic evidence that 
the release of 1O2 is involved in the regulation of PCD (op den Camp et al., 2003; 
Meskauskiene et al., 2001; Wagner et al., 2004; Lee et al., 2007; Kim et al., 2008).  In 
the flu mutants, 1O2 generated within the first minute of re-illumination had a negative 
effect on growth and development.  After re-illumination, distinct sets of genes were 
activated that were different from those induced by paraquat, a producer of H2O2 and O2-, 
suggesting that 1O2 acts as a signal with a high degree of specificity (op den Camp et al., 
2003).  Furthermore, the HL-induced expression of ROS-responsive genes, such as heat 
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shock transcription factor A2 (HsfA2) and cytosolic APX (APX1 and APX2), was 
significantly suppressed in knock-out mutants lacking stromal and thylakoid 
membrane-bound ascorbate peroxidases (respective sAPX and tAPX), which were key 
enzymes for the scavenging of H2O2 in chloroplasts, although oxidative damage under 
HL was enhanced in these mutants (Maruta et al., 2010), indicating that H2O2 derived 
from chloroplasts has a negative effect on the expression of ROS-responsive genes under 
HL.  Thus, it seems likely that different kinds of ROS produced in the same organelle 
are associated with distinct signaling pathways.   
To clarify the signaling function of H2O2 derived from chloroplasts, a system for 
producing H2O2 in a controlled manner is needed.  For the system, the 
chemical-inducible RNAi would be more useful than the knock-out or constitutive 
knockdown method because plants may acclimate to the knock-out or constitutive 
knockdown of target gene during growth and development.  Furthermore, this system 
should not require any application of stress to plants because other signaling molecules, 
including hormones, are produced by stress and may act synergistically or 
antagonistically.  Preciously, a novel system for producing H2O2 in Arabidopsis 
chloroplasts by chemical-dependent tAPX silencing using an estrogen-inducible RNAi 
method has created (Zuo et al., 2000; Guo et al., 2003; Maruta et al., 2012a).  When the 
expression of tAPX was silenced in the leaves, the levels of oxidized protein in the 
chloroplasts were increased (Maruta et al., 2012a).  Microarray analysis revealed that 
the expression of a large set of genes (named responsive to tAPX silensing; RTS) 
changed in response to tAPX silencing (Maruta et al., 2012a).  Among them, only a 
single gene was known to be responsive to ROS, but many genes were associated with 
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cold acclimation and pathogen resistance.  These findings suggest that H2O2 derived 
from chloroplasts acts as a specific signal for regulating plant responses to abiotic and 
biotic stress (Maruta et al., 2012a).   
In this study, it was demonstrated that tAPX silencing had negative and positive 
effects on cold acclimation and salycilic acid (SA) response, respectively, and that there 
were synergistic and antagonistic roles of chloroplastic H2O2 on HL response.  These 
findings provide a new insight into the role of H2O2-triggered retrograde signaling from 
chloroplasts in the response to stress in planta.   
 
 
 
Materials and Methods 
 
Plant Materials and Growth Conditions 
The generation of the IS-tAPX-19 (for tAPX silencing) and IS-GUS-2 (for control) 
plants were conducted previously by Maruta et al. (2012a).  The IS-tAPX-19 plants was 
introduced an RNAi construct having an inverted repeat corresponding to a 530-bp 
fragment of the 3’-terminal region of tAPX under controlof an estrogen-inducible 
promoter. T-DNA insertion lines for tAPX in the Col-0 background (KO-tAPX; 
WiscDsLox457–460A17) were previously obtained from the Arabidopsis Biological 
Resource Center (ABRC) (Maruta et al., 2010).  The lists of Knockout and/or 
dominant-negative mutant lines of RTS genes used on stress-sensitive and -insensitive 
mutants was shown in Table II-1 and 2, respectively.  These knockout mutants were 
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obtained from ABRC, and the dominant negative mutant lines were donated from Dr. 
Masaru Ohme-Takagi (National Institute of Advanced Industrial Science and Technology), 
respectively.   
 
Table II-1.  List of T-DNA insertion lines used for mutant screening. 
 
AGI code Stock No. Annotation 
At5g59130 SALK_089292 Subtilase family protein 
SALK_145867C 
At4g34470 CS25145 SKP1-like 12 
SALK_105764C 
At5g05740 SALK_028514 ethylene-dependent gravitropism-deficient and  
yellow-green-like 2 SALK_142694 
SALK_032572C 
At2g25940 SALK_077733 alpha-vacuolar processing enzyme 
SALK_151201 
At3g01345 SALK_141810C Expressed protein 
At1g02470 SALK_123221C Polyketide cyclase/dehydrase and lipid transport 
superfamily protein 
At5g56050 SALK_093745C 
 
At1g78995 SALK_041344C  
At3g19920 SALK_106471C  
At1g64770 SALK_103166C NDH-dependent cyclic electron flow 1 
At3g50140 SALK_049878C Plant protein of unknown function (DUF247) 
At1g07280 SALK_022732C Tetratricopeptide repeat (TPR)-like superfamily 
protein 
At2g45830 SALK_135799C downstream target of AGL15 2 
At1g62780 SALK_047296C  
At1g64355 SALK_057125C  
At5g57010 SALK_134786C calmodulin-binding family protein 
At4g11340 SALK_110928C Disease resistance protein (TIR-NBS-LRR class) 
family SALK_053459C 
At3g46550 CS859546 Fasciclin-like arabinogalactan family protein 
At5g17330 SALK_022227C glutamate decarboxylase 
At4g32990 SALK_050504C Transducin/WD40 repeat-like superfamily protein 
At4g14640 SALK_022524C calmodulin 8 
At1g21750 SALK_136642C PDI-like 1-1 
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SALK_015253C 
At5g56510 SALK_057302C pumilio 12 
At5g47330 SALK_081909C alpha/beta-Hydrolases superfamily protein 
At2g37950 SALK_023712C RING/FYVE/PHD zinc finger superfamily protein 
At3g16090 CS24962 RING/U-box superfamily protein 
At1g49230 SALK_058308C RING/U-box superfamily protein 
At3g59220 SALK_063087C pirin 
At5g02200 SALK_040459C far-red-elongated hypocotyl1-like 
At1g52770 SALK_104317C Phototropic-responsive NPH3 family protein 
At3g44290 SALK_012554C NAC domain containing protein 60 
SALK_127838C 
At1g72210 SALK_060037C basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein 
At3g27810 SALK_042711C myb domain protein 21 
At3g23250 SALK_151976C myb domain protein 15 
At1g21450 SALK_102071C SCARECROW-like 1 
At3g11280 SALK_004053C Duplicated homeodomain-like superfamily protein 
SALK_021025C 
At3g62090 SALK_090239C phytochrome interacting factor 3-like 2 
SALK_147579C 
At5g06839 SALK_124227C bZIP transcription factor family protein 
At3g01080 SALK_150041C WRKY DNA-binding protein 58 
At3g06490 SALK_076395C myb domain protein 108 
SALK_024059C 
At4g28530 SALK_094441C NAC domain containing protein 74 
SALK_104622C 
At2g34830 SALK_111141C WRKY DNA-binding protein 35 
At2g24260 SALK_080724C LJRHL1-like 1 
At1g18860 SALK_006029C WRKY DNA-binding protein 61 
At5g67480 SALK_045370C BTB and TAZ domain protein 4 
At3g48360 SALK_002306C BTB and TAZ domain protein 2 
At2g05160 SALK_128806C CCCH-type zinc fingerfamily protein with 
RNA-binding domain 
At5g59340 SALK_050488C WUSCHEL related homeobox 2 
SALK_139683C 
At1g74930 SALK_109440C Integrase-type DNA-binding superfamily protein 
At5g61600 SALK_152806C ethylene response factor 104 
At2g34210 SALK_147117C Transcription elongation factor Spt5 
At5g56840 SALK_002490C myb-like transcription factor family protein 
At5g13730 SALK_078760C sigma factor 4 
At5g50450 SALK_048601C HCP-like superfamily protein with MYND-type zinc 
  12 
finger 
At4g25470 SALK_073208C C-repeat/DRE binding factor 2 
At4g37260; 
At4g37270 
SALK_023478C myb domain protein 73 
At5g60100 SALK_090261C pseudo-response regulator 3 
At5g04150 SALK_011245C basic helix-loop-helix (bHLH) DNA-binding 
superfamily protein 
At2g41180 SALK_152005C VQ motif-containing protein 
At5g37260 SALK_074896C Homeodomain-like superfamily protein 
At4g17460 SALK_059835C Homeobox-leucine zipper protein 4 (HB-4) / HD-ZIP 
protein SALK_006022C 
At3g50060 SALK_067655C myb domain protein 77 
At3g17420 SALK_047485C glyoxysomal protein kinase 1 
At1g33770 SALK_042880C Protein kinase superfamily protein 
At4g26890 SALK_003255C mitogen-activated protein kinase kinase kinase 16 
SALK_071559C 
At1g65190 SALK_151531C Protein kinase superfamily protein 
At5g10520 SALK_043441C ROP binding protein kinases 1 
SALK_080548C 
At3g62090 SALK_147579C phytochrome interacting factor 3-like 2 
At2g34830 SALK_111141C WRKY DNA-binding protein 35 
At1g18860 SALK_006029C WRKY DNA-binding protein 61 
At3g06490 SALK_076395C myb domain protein 108 
At3g59350 SALK_136404C Protein kinase superfamily protein 
At5g39790 SALK_012617C 5'-AMP-activated protein kinase-related 
At5g59670 SALK_115780C Leucine-rich repeat protein kinase family protein 
At3g04530 SALK_102132C phosphoenolpyruvate carboxylase kinase 2 
At5g59090 SALK_093039C subtilase 4.12 
SALK_045125C 
At3g59250 SALK_017364C F-box/RNI-like superfamily protein 
At3g48340 SALK_079519C  Cysteine proteinases superfamily protein 
At1g49040 SALK_031730C  stomatal cytokinesis defective / SCD1 protein (SCD1) 
At4g25350 SALK_010010C  EXS (ERD1/XPR1/SYG1) family protein 
At1g66390 SALK_093731C  myb domain protein 90 
At4g32280 SALK_091933C  indole-3-acetic acid inducible 29 
SALK_152235C  
At1g33760 SALK_091690C  Integrase-type DNA-binding superfamily protein 
At2g05160 SALK_128806C CCCH-type zinc fingerfamily protein with 
RNA-binding domain 
At3g49930 SALK_093290C  C2H2 and C2HC zinc fingers superfamily protein 
At3g15540 SALK_034924C  indole-3-acetic acid inducible 19 
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SALK_000337C  
At5g63160 SALK_006453C  BTB and TAZ domain protein 1 
At5g03720 SALK_011131C  heat shock transcription factor A3 
At4g35900 SALK_054421C  Basic-leucine zipper (bZIP) transcription factor 
family protein SALK_118487C  
At2g40670 SALK_142105C  response regulator 16 
At4g13190 CS859976  Protein kinase superfamily protein 
At4g04510 SALK_053147C  cysteine-rich RLK (RECEPTOR-like protein kinase) 
38 SALK_075451C  
At4g04540 SALK_098187C  cysteine-rich RLK (RECEPTOR-like protein kinase) 
39 
At4g04500 SALK_131604C  cysteine-rich RLK (RECEPTOR-like protein kinase) 
37 
At3g45330 SALK_069415C  Concanavalin A-like lectin protein kinase family 
protein 
At4g23310 SALK_051873C  cysteine-rich RLK (RECEPTOR-like protein kinase) 
23 SALK_052723C  
At2g45080 SALK_039130C  cyclin p3;1 
At3g28890 SALK_041685C  receptor like protein 43 
SALK_141689C  
At1g51790 SALK_025281C  Leucine-rich repeat protein kinase family protein 
At5g16900 SALK_113523C  Leucine-rich repeat protein kinase family protein 
At1g55610 CS800035  BRI1 like 
SALK_046929C  
At2g32510 SALK_080309C  mitogen-activated protein kinase kinase kinase 17 
At4g11890 SALK_057538C  Protein kinase superfamily protein 
SALK_037588C  
At1g18890 SALK_105108C  calcium-dependent protein kinase 1 
At4g13000 SALK_083220C  AGC  kinase family protein 
At5g22980 SALK_136908C  serine carboxypeptidase-like 47 
At3g45010 SALK_079721C  serine carboxypeptidase-like 48 
At5g51380 SALK_038578C  RNI-like superfamily protein 
SALK_123218C  
At2g45920 SALK_061534C  U-box domain-containing protein 
SALK_080919C  
SALK_050218C  
At4g03360 SALK_130537C  Ubiquitin family protein 
SALK_062751C  
At3g28330 SALK_043730C  F-box family protein-related 
At1g26930 SALK_085800C  Galactose oxidase/kelch repeat superfamily protein 
SALK_090104C  
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At3g23880 SALK_008269C  F-box and associated interaction domains-containing 
protein 
At2g22680 SALK_041291C  Zinc finger (C3HC4-type RING finger) family protein 
SALK_149664C  
At5g15660 SALK_047400C  F-box and associated interaction domains-containing 
protein SALK_063563C  
At5g44460 SALK_148734C  calmodulin like 43 
SALK_026474C  
At5g57010 SALK_134786C  calmodulin-binding family protein 
SALK_022337C  
At4g11340 SALK_104383C  Disease resistance protein (TIR-NBS-LRR class) 
family SALK_110928C  
SALK_053459C  
At2g40170 SALK_112719C Stress induced protein 
SALK_041260C  
At5g64920 SALK_023424C COP1-interacting protein 8 
At3g11500 SALK_026590C  Small nuclear ribonucleoprotein family protein 
SALK_062774C  
SALK_126162C  
At2g19240 SALK_011223C  Ypt/Rab-GAP domain of gyp1p superfamily protein 
At2g35000 CS24736  RING/U-box superfamily protein 
SALK_036065C  
At1g09540 SALK_144610C  myb domain protein 61 
At1g04445 SALK_130261C  C2H2-like zinc finger protein 
At1g54400 SALK_008690C HSP20-like chaperones superfamily protein 
At4g19570 SALK_077671C Chaperone DnaJ-domain superfamily protein 
At1g18870 SALK_073287C isochorismate synthase 2 
SALK_084635C 
At5g56300 SALK_106872C gibberellic acid methyltransferase 2 
SALK_075450C 
At3g53150 SALK_009017C UDP-glucosyl transferase 73D1 
SALK_004078C 
At1g05530 CS862227 UDP-glucosyl transferase 75B2 
At3g25880 SALK_083521C NAD(P)-binding Rossmann-fold superfamily protein 
At5g13320 SALK_018225C Auxin-responsive GH3 family protein 
At4g34131 SALK_097487C UDP-glucosyl transferase 73B3 
At1g78960 SALK_024920C lupeol synthase 2 
SALK_013690C 
At4g36430 SALK_129503C Peroxidase superfamily protein 
At5g14180 SALK_101919C Myzus persicae-induced lipase 1 
SALK_058936C 
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SALK_031227C 
At5g02540 SALK_103967C NAD(P)-binding Rossmann-fold superfamily protein 
SALK_134983C 
At2g24210 SALK_041114C terpene synthase 10 
SALK_108420C 
At3g11430 SALK_018117C glycerol-3-phosphate acyltransferase 5 
SALK_142456C 
At4g36220 CS862388 ferulic acid 5-hydroxylase 1 
At1g11730 SALK_045206C Galactosyltransferase family protein 
At1g23730 SALK_144106C beta carbonic anhydrase 3 
At5g11920 SALK_127864C 6-&1-fructan exohydrolase 
SALK_152299C 
At1g66960 SALK_022044C Terpenoid cyclases family protein 
SALK_097188C 
At1g51470 SALK_013785C beta glucosidase 35 
SALK_114084C 
At1g01190 CS860633 cytochrome P450, family 78, subfamily A, 
polypeptide 8 
At2g32530 SALK_063361C cellulose synthase-like B3 
SALK_059674C 
SALK_025333C 
At3g03480 SALK_025557C  acetyl CoA:(Z)-3-hexen-1-ol acetyltransferase 
SALK_129278C 
At1g35910 SALK_013114C Haloacid dehalogenase-like hydrolase (HAD) 
superfamily protein 
At1g30710 SALK_112240C FAD-binding Berberine family protein 
At5g26690 SALK_148742C Heavy metal transport/detoxification superfamily 
protein SALK_103915C 
At4g26380 SALK_026306C Cysteine/Histidine-rich C1 domain family protein 
SALK_011364C 
At5g23240 SALK_024726C DNAJ heat shock N-terminal domain-containing 
protein 
At5g23235 SALK_008678C 
 
At2g40130 SALK_025338C Double Clp-N motif-containing P-loop nucleoside 
triphosphate hydrolases  
At1g26230 SALK_064887C TCP-1/cpn60 chaperonin family protein 
SALK_136518C 
At1g44160 SALK_152637C HSP40/DnaJ peptide-binding protein 
At1g27130 SALK_022297C glutathione S-transferase tau 13 
At5g45340 SALK_078173C cytochrome P450, family 707, subfamily A,  
polypeptide 3 
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At3g24420 SALK_068313C alpha/beta-Hydrolases superfamily protein 
SALK_126829C 
SALK_026193C 
At1g07260 SALK_042564C UDP-glucosyl transferase 71C3 
SALK_021979C 
At2g39800 SALK_063517C delta1-pyrroline-5-carboxylate synthase 1 
At1g01390 CS859558 UDP-Glycosyltransferase superfamily protein 
SALK_083984C 
At3g13730 SALK_036476C cytochrome P450, family 90, subfamily D,  
polypeptide 1 SALK_031965C 
At3g61900 CS861648 SAUR-like auxin-responsive protein family 
CS860713 
At4g21490 SALK_097329C NAD(P)H dehydrogenase B3 
SALK_130320C 
At4g26530 SALK_080758C Aldolase superfamily protein 
At5g58860 SALK_074232C cytochrome P450, family 86, subfamily A,  
polypeptide 1 SALK_146813C 
At4g10120 CS862248 Sucrose-phosphate synthase family protein 
SALK_037958C 
At3g48520 SALK_001709C cytochrome P450, family 94, subfamily B, 
polypeptide 3 SALK_018989C 
At1g27940 CS860441 P-glycoprotein 13 
At3g44560 SALK_010208C fatty acid reductase 8 
SALK_021133C 
At3g44550 CS861044 fatty acid reductase 5 
At4g15440 SALK_085831C hydroperoxide lyase 1 
SALK_149325C 
SALK_094392C 
SALK_091988C 
At1g06080 SALK_069299C delta 9 desaturase 1 
SALK_044895C 
At3g55630 CS860621 DHFS-FPGS homolog D 
At3g61080 SALK_059076C Protein kinase superfamily protein 
At1g04420 SALK_072037C NAD(P)-linked oxidoreductase superfamily protein 
 
SALK_148484C 
At4g29840 SALK_081563C Pyridoxal-5'-phosphate-dependent enzyme family 
protein 
At2g11810 SALK_069971C monogalactosyldiacylglycerol synthase type C 
At5g04360 CS25085 limit dextrinase 
At4g33010 SALK_110091C glycine decarboxylase P-protein 1 
At1g43670 CS862259 Inositol monophosphatase family protein 
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SALK_064456C 
At5g04140 SALK_011035C glutamate synthase 1 
At1g04620 SALK_001001C coenzyme F420 hydrogenase family / dehydrogenase, 
beta subunit family 
At5g61610 SALK_018790C Oleosin family protein 
At3g01440 SALK_051912C PsbQ-like 1 
At1g14150 SALK_006106C PsbQ-like 2 
At5g39210 SALK_070919C chlororespiratory reduction 7 
SALK_073978C 
SALK_128408C 
At2g45350 CS836745 Pentatricopeptide repeat (PPR) superfamily protein 
At5g14740 SALK_056127C carbonic anhydrase 2 
At1g78450 SALK_012200C SOUL heme-binding family protein 
SALK_019423C 
At5g26220 SALK_056007C ChaC-like family protein 
At5g52310 CS859786 desiccation-responsive protein 29A (RD29A) 
At5g52970 SALK_091900C thylakoid lumen 15.0 kDa protein 
At4g18375 SALK_016188C RNA-binding KH domain-containing protein 
At5g23980 CS859844 ferric reduction oxidase 4 
SALK_044469C 
CS860468 
At1g29395 SALK_008692C COLD REGULATED 314 INNER MEMBRANE 1 
At2g18196 SALK_056166C Heavy metal transport/detoxification  
superfamily protein SALK_012260C 
At1g03020 SALK_032946C Thioredoxin superfamily protein 
At5g61440 SALK_075409C atypical CYS HIS rich thioredoxin 5 
 
 
Table II-2.  List of dominant-negative mutant lines used for mutant screening. 
 
AGI code Annotation 
At4g17460 HAT1 (homeobox-leucine zipper protein 1); DNA binding / transcription factor 
At3g27810 ATMYB21 (MYB DOMAIN PROTEIN 21); DNA binding / transcription factor 
At3g11280 myb family transcription factor 
At4g28530 ANAC074 (Arabidopsis NAC domain containing protein 74); transcription factor 
At5g26170 WRKY50 (WRKY DNA-binding protein 50); transcription factor 
At2g34830 WRKY35 (WRKY DNA-binding protein 35, maternal effect embryo 
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arrest 24); transcription factor 
At5g24110 WRKY30 (WRKY DNA-binding protein 30); transcription factor 
At5g61430 ANAC100/ATNAC5 (Arabidopsis NAC domain containing protein 100); transcription factor 
At3g44290 ANAC060 (Arabidopsis NAC domain containing protein 60); transcription factor 
At5g14000 ANAC084 (Arabidopsis NAC domain containing protein 84); transcription factor 
At4g29230 ANAC075 (Arabidopsis NAC domain containing protein 75); transcription factor 
At2g17040 ANAC036 (Arabidopsis NAC domain containing protein 36); transcription factor 
At2g02450 
ANAC034/ANAC035 (Arabidopsis NAC domain containing protein 
34, Arabidopsis NAC domain containing protein 35); transcription 
factor 
At2g37590 Dof-type zinc finger domain-containing protein 
At4g38000 Dof-type zinc finger domain-containing protein 
At1g09540 MYB61 (myb domain protein 61); DNA binding / transcription factor 
At4g18960 AG (AGAMOUS); transcription factor 
At2g40260 myb family transcription factor 
At5g65230 AtMYB53 (myb domain protein 53); DNA binding / transcription factor 
At1g72210 basic helix-loop-helix (bHLH) family protein (bHLH096) 
At5g43410 ERF (ethylene response factor) 
At1g68320 MYB62 (myb domain protein 62); DNA binding / transcription factor 
At4g17800 DNA-binding protein-related 
At3g23250 AtMYB15/AtY19/MYB15 (myb domain protein 15); DNA binding / transcription factor 
At1g21450 SCL1 (SCARECROW-LIKE 1); transcription factor 
At3g62090 PIL2 (PHYTOCHROME INTERACTING FACTOR 3-LIKE 2); transcription factor 
AT3G06490 MYB108 (BOTRYTIS-SUSCEPTIBLE1, myb domain protein 108); DNA binding / transcription factor 
At4g36060 basic helix-loop-helix (bHLH) family protein 
At3g12910 transcription factor 
At1g36060 AP2 domain-containing transcription factor, putative 
At4g08250 scarecrow transcription factor family protein 
At1g04445 zinc finger (C2H2 type) family protein 
At4g02670 
ATIDD12 (ARABIDOPSIS THALIANA 
INDETERMINATE(ID)-DOMAIN 12); nucleic acid binding / 
transcription factor/ zinc ion binding 
At3g53820 zinc finger (C2H2 type) family protein 
At2g24260 basic helix-loop-helix (bHLH) family protein 
At3g15270 SPL5 (SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 5); DNA binding / transcription factor 
At1g15580 IAA5 (indoleacetic acid-induced protein 5); transcription factor 
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At4g32280 IAA29 (indoleacetic acid-induced protein 29); transcription factor 
At1g56650 PAP1 (PRODUCTION OF ANTHOCYANIN PIGMENT 1); DNA binding / transcription factor 
At1g33760 AP2 domain-containing transcription factor, putative 
At4g25490 CBF1 (C-REPEAT/DRE BINDING FACTOR 1); DNA binding / transcription factor/ transcriptional activator 
At4g06746 RAP2.9 (related to AP2 9); transcription factor 
At1g77640 AP2 domain-containing transcription factor, putative 
At4g14560 IAA1 (INDOLE-3-ACETIC ACID INDUCIBLE); transcription factor 
At3g05800 transcription factor 
At1g52830 IAA6 (indoleacetic acid-induced protein 6); transcription factor 
At5g59340 WOX2 (WUSCHEL-related homeobox 2); transcription factor 
At1g68520 zinc finger (B-box type) family protein 
At1g19210 AP2 domain-containing transcription factor, putative 
At1g06160 ethylene-responsive factor, putative 
At1g74930 AP2 domain-containing transcription factor, putative 
At3g49930 zinc finger (C2H2 type) family protein 
At5g61600 ethylene-responsive element-binding family protein 
At5g56840 DNA-binding family protein 
At3g07650 COL9 (CONSTANS-LIKE 9); transcription factor/ zinc ion binding 
At3g46640 PCL1 (PHYTOCLOCK 1); DNA binding / transcription factor 
At1g24260 SEP3 (SEPALLATA3); transcription factor 
At3g46130 MYB111 (myb domain protein 111); DNA binding / transcription factor 
At3g15540 IAA19 (indoleacetic acid-induced protein 19); transcription factor 
At1g04240 SHY2 (SHORT HYPOCOTYL 2); transcription factor 
At1g75490 DRE-binding transcription factor 
At5g51190 AP2 domain-containing transcription factor, putative 
At5g03720 AT-HSFA3 (Arabidopsis thaliana heat shock transcription factor A3); DNA binding / transcription factor 
At4g25470 CBF2 (FREEZING TOLERANCE QTL 4); DNA binding / transcription factor/ transcriptional activator 
At4g37260 AtMYB73/MYB73 (myb domain protein 73); DNA binding / transcription factor 
At4g17490 ATERF6 (ETHYLENE RESPONSIVE ELEMENT BINDING FACTOR 6); DNA binding / transcription factor 
At4g39070 zinc finger (B-box type) family protein 
At5g47230 ERF5 (ETHYLENE RESPONSIVE ELEMENT BINDING FACTOR 5); DNA binding / transcription factor/ transcriptional activator 
At5g04150 basic helix-loop-helix (bHLH) family protein 
At4g35900 FD (FD); DNA binding / transcription factor 
At5g37260 myb family transcription factor 
At5g04340 C2H2; nucleic acid binding / transcription factor/ zinc ion binding 
At3g50060 myb family transcription factor 
At2g44840 ATERF13/EREBP (ETHYLENE-RESPONSIVE ELEMENT BINDING FACTOR 13); DNA binding / transcription factor 
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At2g40670 ARR16 (response regulator 16); transcription regulator/ two-component response regulator 
At3g23230 ethylene-responsive factor, putative 
 
Surface-sterilized Arabidopsis thaliana wild-type (Col-0) and transgenic seeds 
were sown on Murashige & Skoog medium containing 3% (w/v) sucrose.  Plates were 
stratified in darkness for 2 days at 4 °C and then transferred to a growth chamber.  After 
7 days, seedlings were potted in soil and grown in the same growth chamber.  In this 
study we use a continuous light (NL: 100 µmol of photons m-2 s-1, 25 °C) condition for 
plant growth to abolish light/dark effect on the production of ROS in chloroplasts.  
Seventeenday-old IS-tAPX-19 and IS-GUS-2 plants were treated with a 100 µM estrogen 
solution containing 0.1% (v/v) Tween 20 under light.   
 
Preparation of Total RNA and cDNA Synthesis 
Total RNA was semi-automatically purified from leaves of Arabidopsis plants 
using a QuickGene RNA cultured cell kit and Quick-Gene-Mini80 (FUJIFILM Corp., 
Tokyo, Japan).  The first strand cDNA was synthesized using reverse transcriptase 
(ReverTra Ace; Toyobo) with an oligo(dT) primer.  These analyses were performed 
according to the manufacturer’s instructions.   
 
Quantitative Real-Time PCR Experiments 
Quantitative Real-Time PCR (q-PCR) experiments were performed according to 
Nishizawa et al. (2006). Primer sequences were described in Table II-3.  The q-PCR 
experiments were also repeated at least three times with cDNA prepared from three 
batches of plant leaves.   
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Table II-3.  Primer sequences used for q-PCR analysis. 
 
AGI code Forward Primer Reverse Primer 
At3g18780 5'-GGTGGTTCCATTCTTGCTTC
CC-3' 
5'-TCATACTCGGCCTTGGAGAT
CC-3' 
At5g59845 5'-ACTCTCAACCGCGGATTCG-
3' 
5'-TCTTCCTGCCTTTGAACATC
TCA-3' 
At1g60110 5'-TGGAGCACATTTCTGTCCGT
TAC-3' 
5'-CCCAAGAAGCTCCTCCATCA
C-3' 
At2g20825 5'-GCACCAGCCACCGTTACG-3' 5'-GGTGATTTGAAGTTCTCCAT
CTGAA-3' 
At3g14680 5'-CAATGGTTCTGTTGAGCCA
ACA-3' 
5'-GCCAAAAACTTGCTTCACTT
CCT-3' 
At4g13190 5'-AGCTGTAGCAATAGCGGCA
ATG-3' 
5'-TAAGAGCGGTTCCCGTTAG
ACC-3' 
At4g25490 5'-TTTGGGATGCCGACTTTGTT
-3' 
5'-CATCTCCTTCGCCGTCATAA
TTA-3' 
At4g25470 5'-GGCTATTTATACGCCGGAA
CAG-3' 
5'-CCTTCGGCCATGTTATCCAA
-3' 
At5g15970 5'-GCAAAGCTGAGGAGAAGAG
CAA-3' 
5'-CGATATACTCTTTCCCGCCT
GTT-3' 
At2g42530 5'-GCTTCTGATTTCGTGACGGA
TAA-3' 
5'-CGCAGTTTCATTGGCTTCAA
-3' 
At1g29395 5'-GGGAGAGTATGGTGTATGG
G-3' 
5'-CCAAGAGTAATGCGATGAA
TGG-3' 
At1g29390 5'-GGGTGAATATGGCATCTGG
G-3' 
5'-CCAAAAGCAAAGCAATGAA
GGG-3' 
At1g18870 5'-CCATTTTCTGGGCACAAACC
-3' 
5'-GGCGAGAGACACGAGAGG
AT-3' 
At4g01870 5'-GGTGGTTCCATTCTTGCTTC
CC-3' 
5'-CCGTGAACTTCAACGCTCA
A-3' 
At4g11340 5'-CGTCTCGCTTGGGCTTAACA
-3' 
5'-TGAGGAAACGTTGTCAAGC
ATT-3' 
At4g47890 5'-AAATGAGCTTCCTTATTCGT
TCCA-3' 
5'-TTGGTCGGAATGACACAAG
TG-3' 
At2g32680 5'-GTTCGACGAAGGCGGCTAT-
3' 
5'-CAATGGCGGCGTAGGAAGT
-3' 
At3g11010 5'-ACACGCCAGCATCACATCA
A-3' 
5'-ACCAGGTCCGAATCCTATT
GC-3' 
At3g24900 5'-GGTCACTCGACGTTGGCTA
CA-3' 
5'-GATTCCGTTGTGGTCCACAC
T-3' 
At3g25010 5'-CGTGAACGTGTCTCACAAC 5'-CACAAAGCCCTGCATTTCCT
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CA-3' -3' 
At1g09415 5'-AGCAGAGGCCAACAACATT
GA-3' 
5'-CGTTAGTCTCAGATCCTTCT
TGCTT-3' 
At2g04450 5'-GGTCCAGGAGATTGATGGT
CAT-3' 
5'-CCCTAAGTGCTCCTTCCCAA
A-3' 
At2g02130 5'-ATCTCCGCTGCTCTTCTCTT
GT-3' 
5'-TTGAACCTATGGCTTTTTGA
CTCA-3' 
At2g02120 5'-TCGCAGAGCCAAAGATTCA
A-3' 
5'-CGGAATCCACGGCAATCA-3' 
At2g26150 5'-GTGTTGAGGTTGGGCAATA
CG-3' 
5'-TTGCTGTTGCCTCAACCTAA
CTAC-3' 
At3g09640 5'-AGGACCGTTTGGGACGATA
AG-3' 
5'-TAACGGCAATATCAAGACC
ATTGTT-3' 
At5g59720 5'-GGTTACCGGAGAATGCAAA
GATG-3' 
5'-CGATGGACTTGACTTGAGG
CTTC-3' 
At1g74710 5'-CTAATCTCCGCCGTCTCTGA
ACT-3' 
5'-TTGGAACCTGTAACCGAAC
GA-3' 
At2g14160 5'-CGAAAGCTCAAGATAGCCC
ACA-3' 
5'-TTCTGCGTAGCTCCGAGCAT
AG-3' 
At3g57260 5'-CACGGCCAACATCCATCTA
GAC-3' 
5'-AACCGAGTCGAGATTTGCG
TC-3' 
 
 
Measurements of Chlorophyll Fluorescence 
Chlorophyll fluorescence was measured following Maruta et al. (2010).  The 
maximum quantum yield of photosystem II (Fv/Fm), and quantum yield of photosystem 
II (PSII) in Arabidopsis leaves was determined after dark adaptation for 20 min.  
Chlorophyll fluorescence in the Arabidopsis leaves was measured at 25 °C with a Closed 
FluorCam 800MF (Photon Systems Instruments, Brno, Czech Republic).   
 
Quantification of Free and Total SA 
Free and total SA were extracted and measured according to Malamy et al. (1992) 
with minor modifications.  Arabidopsis leaves (0.2 g) were ground in 3 mL of 90% (v/v) 
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methanol and centrifuged at 7,000 x g for 15 min.  The pellet was resuspended with 3 
mL of 90% (v/v) methanol and centrifuged.  Methanol extracts were combined, 
centrifuged at 7,000 x g for 15 min, and dried at 35 °C under vacuum.  The dried 
methanol extract was resuspended in 5 mL of water at 80 °C, and the solution was 
divided into two equal portions.  An equal volume of 0.2 M sodium acetate buffer (pH 
4.5) was added to one portion for assaying free SA, and an equal volume of 0.2 M sodium 
acetate buffer (pH 4.5) containing 0.24 mg/mL -glucosidase (16.9 unit/mg; Roche) was 
added to the other for assaying total SA.  Both samples were incubated at 37 °C 
overnight.  After digestion, samples were acidified to pH 1–1.5 with HCI. The fractions 
were then extracted with two volumes of ethyl acetate:cyclopentane:isopropyl alcohol 
(50:50:1 [v/v]), dried down, resuspended in 23% (v/v) methanol/sodium acetate (pH 5.0), 
and filtered through a centrifugal filter (0.2 µm; Millipore).  SA was quantified by 
reverse-phase HPLC on a 5C18 column (COSMOSIL; AR-II, 4.6ID x 150 mm) and 
detected using a Shimazu RF-10AXL fluorescence detector (excitation energy 313 nm, 
emission energy 405 nm).   
 
Data Analysis 
The significance of differences between data sets was evaluated with a t test.  
Calculations were carried out with Microsoft Excel software.   
 
 
 
Results 
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Suppression of Cold-responsive Genes by tAPX Silencing Causes Plant Sensitivity to 
Cold Stress 
Previous microarray data using IS-tAPX indicated that the expression of 
cold-responsive genes was suppressed by tAPX silencing under NL, which was consistent 
with the results of the q-PCR analysis (Figure II-1A).  These genes included 
C-repeat/DRE binding factor/dehydration-responsive element binding factors 
(CBF1/DREB1B and CBF2/DREB1C), and coldregulated genes (COR6.6, COR15B, 
COR414-TM1, and COR414-TM2).  To investigate the involvement of the H2O2 
signaling derived from chloroplasts in the regulation of cold response, the effect of tAPX 
silencing on plant sensitivity to cold was checked.  Seventeen-day-old IS-GUS-2-17 and 
IS-tAPX-19-23 plants were incubated under light for 48 h after the treatment with or 
without estrogen and then subjected to cold stress (continuous light of 100 µmol of 
photons m-2 s-1, 4 °C) for 2 weeks.  Both transgenic lines showed visible symptoms 
under cold stress, but only the estrogen-treated IS-tAPX-19-23 plants exhibited brown 
leaves (Figure II-1B).  In addition, Fv/Fm decreased significantly in the IS-tAPX-19-23 
plants compared with the IS-GUS-2-17 plants under cold stress (Figure II-1C).  The 
cold sensitivity of IS-tAPX-19-23 plants depended on the treatment with estrogen 
(Figure II-1B and 1C).  On the other hand, the cold-sensitive phenotypes of the 
tAPX-silenced plants were not observed under low light (LL; 10 µmol photons m-2 s-1) 
(Figure II-2), because the production rate of chloroplastic H2O2 appears to be limited 
under LL.  These findings demonstrated that tAPX silencing negatively affects cold 
acclimation.   
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Figure II-1.  Effect of tAPX silencing on cold acclimation.  
(A) Seventeen-day-old IS-GUS-2-17 and IS-tAPX-19-23 plants were sprayed with a 100 µM 
estrogen and kept under NL.  At 48 h after the estrogen treatment, the transcript levels of RTS 
genes (CBF1/DREB1B, CBF2/DREB1C, COR6.6, COR15B, COR414-TM1, and COR414-TM2), 
known to be involved in cold acclimation, were measured by q-PCR.  Error bars indicate SD (n 
= 3).  Significant differences: *P < 0.05 vs. the value for IS-GUS-2-17 plants.  (B and C) 
17-day-old IS-GUS-2-17 and IS-tAPX-19-23 plants were sprayed with a 100 µM estrogen 
solution or water (mock) and transferred to cold stress conditions (100 µmol photons m-2 s-1, 4 °C) 
for 2 weeks.  The treatment with estrogen was performed every 3 days to maintain the tAPX 
silencing.  (B) Fourteen days after cold stress, the IS-GUS-2-17 and IS-tAPX-19-23 plants were 
photographed.  The same results were obtained in four independent experiments.  (C) Fv/Fm 
values in the leaves of IS-GUS-2-17 and IS-tAPX-19-23 10 days after cold stress were measured 
using a Closed FluorCam 800MF.  Error bars indicate SD (n = 3). Significant differences: *P < 
0.05 vs. the value for IS-GUS-2-17 plants.   
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Figure II-2.  Effect of lack of tAPX on cold acclimation under LL.   
Seventeen-day-old IS-GUS-2-17 and IS-tAPX-19-23 plants were sprayed with a 100 µM estrogen 
solution or water (mock), and transferred to cold stress conditions (10 µmol photons m-2 s-1, 4°C) 
for 2 weeks.  The treatment with estrogen was performed every 3 days in order to maintain the 
tAPX silencing.  At 14 days after cold stress, the IS-GUS-2-17 and IS-tAPX-19-23 plants were 
photographed.  The same results were obtained in three independent experiments.   
 
 
The sensitivity of KO-tAPX plants to cold stress was also analyzed.  Although 
the transcript levels of CBF2/DREB1C and COR414-TM1 were significantly lower in the 
KO-tAPX plants than wild-type plants, those of other cold-responsive genes were similar 
in the two lines (Figure II-3).  In addition, there was no visible difference in sensitivity 
to cold stress between the wild-type and KO-tAPX plants.  Furthermore, the Fv/Fm in 
the leaves of wild-type plants was almost the same as that in the KO-tAPX plants under 
cold stress (Figure II-3).  The activity of APX in the membrane fraction was much 
lower in the KO-tAPX plants than in the estrogen-treated (48 h) IS-tAPX-19-23 plants 
(Maruta et al., 2012a).  Thus, it seems likely that the cold-sensitive phenotypes of 
tAPX-silenced plants are due to the down-regulation of cold-responsive genes by H2O2 
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signaling and not due to a decrease in ROS scavenging capacity.  Thus, the H2O2 
signaling derived from chloroplasts seems to be involved in the suppression of cold 
acclimation.   
 
 
 
Figure II-3.  Effect of lack of tAPX on cold acclimation.   
(A) The wild-type and KO-tAPX plants were grown under light for 17 days.  The transcript 
levels of RTS genes (CBF1/DREB1B, CBF2/DREB1C, COR6.6, COR15B, COR414-TM1, and 
COR414-TM2) were measured by q-PCR. Error bars indicate SD (n = 3).  Significant 
differences: *P < 0.05 vs. the value for wild-type plants.  (B) Seventeen-day-old wild-type and 
KO-tAPX plants were transferred to cold stress conditions (100 µmol photons m-2 s-1, 4°C).  At 
2 weeks after cold stress, the wild-type and KO-tAPX plants were photographed.  (C) Fv/Fm 
values in the leaves of wild-type and KO-tAPX at 2 weeks after cold stress were measured using 
a Closed FluorCam 800MF.  Error bars indicate SD (n = 3).   
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tAPX Silencing Activates Expression of Disease-resistance Genes and SA Response 
Some RTS genes are known to be involved in pathogen response/resistance, 
suggesting that H2O2 derived from chloroplasts plays a role in plant responses to biotic 
stress.  For example, low molecular weight cysteine-rich proteins (LCR68 and LCR70) 
are defensin-type pathogenesis-related (PR) proteins (Sels et al., 2008).  Receptor-like 
proteins (RLP7, -23, -34, -39, and -41) as well as Toll-interleukin resistance (TIR) 
domain protein (At4g11340) and a related protein (At4g01870, annotated as TolB-related 
protein) are generally thought to be associated with plant responses to pathogen attack 
(Kruijt et al., 2005; Burch-Smith and Dinesh-Kumar, 2007).  Cytosolic Nudix hydrolase 
(AtNUDX6) and NIM1-interacting 3 (NIMIN-3) were recently identified as regulators of 
the SA response in Arabidopsis (Ogawa et al., 2005; Ishikawa et al., 2010a, 2010b; 
Weigel et al., 2001).  Furthermore, an isochorismate synthase (ICS), ICS2, is involved in 
the biosynthesis of SA (Garcion et al., 2008).  The q-PCR analysis confirmed that the 
transcription of these genes was up-regulated by the tAPX silencing (Figure II-4).  In 
addition to the induction of ICS2, the levels of free and total SA were slightly but 
significantly increased in the IS-tAPX-19-23 plants at 48 h after estrogen treatment 
(Figure II-5A).  Arabidopsis has another ICS gene, ICS1, that is highly responsive to a 
pathogen infection which significantly enhances levels of SA (Wildermuth et al., 2001).  
As shown in Figure II-6, tAPX silencing was not effected transcript level of ICS1.  
Thus, it seems likely that the tAPX silencing enhances ICS2-dependent SA biosynthesis.   
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Figure II-4.  Effect of tAPX silencing on the transcript levels of disease-resistance genes.  
Seventeen-day-old IS-GUS-2-17 and IS-tAPX-19-23 plants were sprayed with a 100 µM estrogen 
and kept under NL.  At 48 h after the estrogen treatment, the transcript levels of RTS genes 
(ICS2, TolB, TIR, RLP7, RLP23, RLP34, RLP39, RLP41, NIMIN3, NUDX6, LCR68, LCR70), 
PR1, and PR2, known to be involved in disease resistance, were measured by q-PCR.  Error 
bars indicate SD (n = 3).  Significant differences: *P < 0.05 vs. the value for IS-GUS-2-17 
plants.  TIR, Toll-interleukin resistance.   
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Figure II-5.  Effect of tAPX silencing on the response to SA.  
Seventeen-dayold IS-GUS-2-17 and IS-tAPX-19-23 plants were sprayed with a 100 µM estrogen 
and kept under NL for 48 h.  (A) levels of free and total SA in the IS-GUS-2-17 and 
IS-tAPX-19-23 plants before and after estrogen treatment were measured as described in 
Materials and Methods.  (B) 48 h after treatment with estrogen, IS-GUS-2-17 and 
IS-tAPX-19-23 plants were sprayed with a 100 µM SA.  The transcript levels of PR1 and PR2, 
SA-responsive genes, were measured by q-PCR.  Error bars indicate SD (n = 3).  Significant 
differences: *P < 0.05 vs. the value for IS-GUS-2-17 plants.   
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Figure II-6.  Effect of tAPX silencing on the transcript levels of ICS1 genes.  
Seventeen-day-old IS-GUS-2-17 and IS-tAPX-19-23 plants were sprayed with a 100 µM estrogen 
and kept under NL.  At 48 h after the estrogen treatment, the transcript levels of ICS1 was 
measured by q-PCR.  Error bars indicate SD (n = 3).  Significant differences: *P < 0.05 vs. the 
value for IS-GUS-2-17 plants.   
 
 
As shown in Figure II-4, however, the transcript levels of pathogenesis-related 
genes (PR1 and PR2), known to be SA-responsive genes (Reuber et al., 1998), were not 
affected by the tAPX silencing in the IS-tAPX-19-23 plants.  Therefore, the effect of 
tAPX silencing on the SA response was analyzed.  At 48 h after the treatment with 
estrogen, the IS-GUS-2-17 and IS-tAPX-19-23 plants were sprayed with 50 µM SA. The 
transcript levels of PR1 increased in both plants under the SA treatment but were higher 
in the IS-tAPX-19-23 plants (Figure II-5B).  Furthermore, the transcript levels of PR2 
were also higher in the IS-tAPX-19-23 plants at 3 h after SA treatment.  These findings 
suggest that the H2O2 signaling derived from chloroplasts activates SA biosynthesis and 
SA-inducible gene expression.  In contrast, the levels of ICS2 transcripts and SA in the 
KO-tAPX plants were almost the same as those in the wild-type plants (Figure II-7 and 
8).  Furthermore, the transcript levels of the other RTS genes, except for LCR70, were 
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not higher in the KO-tAPX plants but, rather, lower in the mutants than in the wild-type 
plants (Figure II-7).  Thus, as was the case for the cold acclimation response, the plant 
responses to SA and pathogen were not enhanced in the KO-tAPX plants.   
 
 
 
Figure II-7.  Effect of lack of tAPX on the transcript levels of RTS genes involved in 
disease resistance.   
The wild-type and KO-tAPX plants were grown under normal light for 17 days.  The transcript 
levels of RTS genes (ICS2, TolB, TIR, RLP7, RLP23, RLP34, RLP39, RLP41, NIMIN3, NUDX6, 
LCR68, and LCR70) were measured by q-PCR.  Error bars indicate SD (n = 3).  Significant 
differences: *P < 0.05 vs. the value for wild-type plants.   
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Figure II-8.  Effect of lack of tAPX on the levels of SA.   
The wild-type and KO-tAPX plants were grown under normal light for 17 days.  The levels of 
free and total SA in the wild-type and KO-tAPX plants were measured as described in Materials 
and Methods. 
 
 
To study the effect of chloroplastic H2O2 on the SA response, the sensitivity of 
tAPX-silenced plants to SA treatment was analyzed.  At 48 h after the treatment with 
estrogen, the IS-GUS-2-17 and IS-tAPX-19-23 plants were further treated with a high 
concentration (5 mM) of SA for 96 h.  As shown in Figure II-9, the leaves of IS-GUS 
plants and estrogen-untreated IS-tAPX plants were visibly damaged by SA treatment to 
the same degree. Conversely, the leaves of estrogen-treated IS-tAPX plants were 
insensitive to the treatment, suggesting that chloroplastic H2O2 causes SA insensitivity.  
As shown in Figure II-5, tAPX silencing enhances the levels of SA and the SA response.  
However, the SA-insensitive phenotype of the tAPX-silenced plants strongly supports the 
possibility that chloroplastic H2O2 is involved in the regulation of the SA response.  It is 
possible that chloroplastic H2O2 induces the expression of gene(s) involved in the 
reduction of SA toxicity, though no such gene has yet been identified.   
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Figure II-9.  Effect of tAPX silencing on SA sensitivity.   
Seventeen-day-old IS-GUS-2–17 and IS-tAPX-19–23 plants were sprayed with 100 μM estrogen.  
At 48 h after the treatment, plants were further sprayed with 5 mM SA.  The plants 96 h after SA 
treatment were photographed.  The same results were obtained in three independent experiments.  
A representative photograph is shown.   
 
 
 
Interplay of Chloroplastic H2O2 and HL in Gene Regulation 
HL is one of the most characterized stresses to enhance ROS production in 
chloroplasts.  Therefore, the interplay between chloroplastic H2O2 and HL in gene 
regulation was investigated.  First, to check the effect of tAPX silencing on HL 
sensitivity, at 48 h after estrogen treatment, the IS-GUS-2-17 and IS-tAPX-19-23 plants 
were exposed to HL at 1,000 µmol photons m-2 s-1.  As shown in Figure II-10A, there 
was no visible effect of tAPX silencing on the HL sensitivity. This result was consistent 
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with our previous work using the KO-tAPX plants (Maruta et al., 2010).  Fv/Fm was 
similarly decreased by HL in both IS-GUS-2-17 and IS-tAPX-19-23 plants (Figure 
II-10B). Furthermore, the sensitivity of the tAPX-silenced plants to various 
concentrations of methylviologen (MV), a ROS-producing agent in chloroplasts and 
mitochondria, treatment was almost the same as that of the control plants (data not 
shown).  These findings suggest that the tAPX silencing in the IS-tAPX-19-23 plants 
had no effect on tolerance to HL- and MV treatment-induced photooxidative stress.   
 
 
Figure II-10.  Effect of tAPX silencing on HL sensitivity.   
Seventeen-day-old IS-GUS-2-17 and IS-tAPX-19-23 plants were sprayed with a 100 µM estrogen 
solution or water (mock), and kept under NL.  At 48 h after the treatments, IS-GUS-2-17 and 
IS-tAPX-19-23 plants were exposed to HL (1000 µmol photons m-2 s-1).  (A) At 72 h after HL, 
the IS-GUS-2-17 and IS-tAPX-19-23 plants were photographed.  The same results were 
obtained in three independent experiments.  (B) Fv/Fm values in the leaves of IS-GUS-2-17 and 
IS-tAPX-19-23 were measured using a Closed FluorCam 800MF.  Error bars indicate SD (n = 
5).   
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Next, to determine the effect of HL on the expression of five RTS genes (GRFP, 
JLFP, ULT2, CYP72A14, and PK), 19-day-old wild-type plants were exposed to HL.  
The transcript levels of GRFP were significantly increased by HL (Figure II-11), 
suggesting that chloroplastic H2O2 acts as a positive signal for HL response.  However, 
the transcript levels of the other RTS genes were decreased or not affected by HL 
exposure (Figure II-11).  The effect of tAPX silencing on expression of these genes 
under moderate light (ML; 400 µmol photons m-2 s-1) was also analyzed.  One-week-old 
IS-GUS-2-17 and IS-tAPX-19-23 plants, grown under NL, were further grown for 10 
days under ML and then treated with estrogen.  There was no difference in phenotype 
and Fv/Fm between IS-GUS-2-17 and IS-tAPX-19-23 plants (Figure II-12A and 12B).  
At 48 h after estrogen treatment, the transcript levels of GRFP, ULT2, and PK were 
significantly suppressed by tAPX silencing.  Furthermore, although the transcript levels 
of JLFP and CYP72A14 were increased by tAPX silencing, the induction levels of these 
genes under ML were largely lower than those under NL (Figure II-12C).  In the 
IS-GUS-2-17 and IS-tAPX-19-23 plants, the expression of these genes was similar under 
both ML and NL (data not shown).  Thus, it seems likely that there are not only 
synergistic but also antagonistic effects of chloroplastic H2O2 on HL response.   
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Figure II-11.  Effect of HL on the expression of RTS genes.  
Nineteen-day-old wild-type plants were exposed to HL (1000 µmol of photons m-2 s-1).  The 
transcript levels of RTS genes (GRFP, JLFP, ULT2, CYP72A14, and PK) were measured by 
q-PCR.  Error bars indicate SD (n = 3).  Values without a common letter are significantly 
different according to t tests (P < 0.05). 
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Figure II-12. Effect of tAPX silencing on the expression of RTS genes under ML. 
One-week-old IS-GUS-2-17 and IS-tAPX-19-23 plants grown under NL were further grown for 
10 days under ML (400 µmol of photons m-2 s-1).  The plants were then sprayed with estrogen 
and kept under ML for 72 h.  (A) 48 h after estrogen treatment the IS-GUS-2-17 and 
IS-tAPX-19-23 plants were photographed.  (B) Fv/Fm values in the leaves of IS-GUS-2-17 and 
IS-tAPX-19-23 after estrogen treatment were measured using a Closed FluorCam 800MF.  Error 
bars indicate SD (n = 3).  (C) 48 h after estrogen treatment, the transcript levels of RTS genes 
(GRFP, JLFP, ULT2, CYP72A14, and PK) were measured by q-PCR.  Error bars indicate SD (n 
= 3).  Significant differences: *P < 0.05 vs. the value for IS-GUS-2-17 plants.  
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Finally, the effect of tAPX silencing on the expression of known ROS-responsive 
genes, HsfA2, APX2, and heat shock protein 18.1-C1 (HSP18.1-C1) under HL was 
analyzed (Maruta et al., 2010; Nishizawa et al., 2006).  In both IS-GUS-2-17 and 
IS-tAPX-19-23 plants, the transcript levels of ROS-responsive genes were drastically 
increased by HL (Figure II-13).  However, the induction of ROS-responsive genes by 
HL was significantly inhibited by tAPX silencing (Figure II-13), supporting the 
antagonistic effects of chloroplastic H2O2 on HL Response. 
 
 
Figure II-13.  Effect of tAPX silencing on expression of ROS-responsive genes under HL.  
Seventeen-day-old IS-GUS-2-17 and IS-tAPX-19-23 plants were sprayed with a 100 µM estrogen 
and kept under NL.  At 48 h after treatment with estrogen, IS-GUS-2-17 and IS-tAPX-19-23 
plants were exposed to HL (1,000 µmol photons m-2 s-1).  The transcript levels of 
ROS-responsive genes (HsfA2, APX2, and HSP18.1-C1) were measured by q-PCR. Error bars 
indicate SD (n = 3).  Significant differences: *P < 0.05 vs. the value for IS-GUS-2-17 plants.   
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Isolation of stress-sensitive and/or -insensitive mutants from RTS mutant lines 
Because RTS genes might be chloroplastic H2O2-responsive genes, functional 
analysis of these genes could help to clarify the molecular mechanism underlying the 
chloroplastic H2O2-mediated signaling.  Hence, the isolation of stress-sensitive and 
insensitive mutants from knockout and/or dominant-negative mutants for RTS genes was 
conducted.  List of knockout and/or dominant-negative mutant lines used for the mutant 
screening is shown in Table II-1 and 2.  By comparing the sensitivity of these RTS 
mutants and wild-type plants to MV-induced oxidative stress and elicitor peptide flg22, 
some methylviologen-susceptible and -resistant (mvs and mvr), and flg22-sensitive (fs) 
mutants were screened.  The causative genes of these mutants were listed in Table II-4.  
In a large number of these genes, the physiological function of responses to stress was 
unclear.  Thus, functional analyses of these genes will be interesting for understanding 
the molecular mechanism and further physiological role of ROS-mediated oxidative 
signaling in stress response.   
 
 
Table II-4.  List of stress-sensitive and -insensitive RTS mutant lines.   
 
methylviologen susceptible (mvs) 
Line No. AGI code Annottion State 
mvs1 At5g13730 sigma factor 4 (SIG4) knockout 
mvs2 At3g11430 glycerol-3-phosphate acyltransferase 5 knockout 
mvs5 At4g28530 NAC domain containing protein 74 knockout 
mvs7 At4g17640 Homeobox-leucine zipper protein 4 (HAT1) knockout 
mvs8 At4g36220 ferulic acid 5-hydroxylase 1 (FAH1) knockout 
mvs9 At5g04150 basic helix-loop-helix (bHLH) DNA binding 
super family protein: AtbHLH101 
dominant negative 
mvs10 At3g06490 myb domain protein 108 dominant negative 
mvs11 At4g36060 basic helix-loop-helix (bHLH) DNA binding dominant negative 
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super family protein: AtbHLH11 
mvs12 At4g29230 NAC domain containing protein 75 dominant negative 
mvs13 At2g17040 NAC domain containing protein 36 dominant negative 
mvs14 At1g15580 indole-3-acetic acid inducible 5 (IAA5) dominant negative 
mvs15 At1g09540 myb domain protein 61 dominant negative 
mvs16 At1g33760 Integrase-type DNA-binding superfamily 
protein 
dominant negative 
mvs17 At4g25490 C-repeat/DRF binding factor 1 (CBF1) dominant negative 
mvs18 At4g14560 indole-3-acetic acid inducible 1 (IAA1) dominant negative 
    
methylviologen resistance (mvr) 
Line No. AGI code Annottion State 
mvr1 At1g49230 RING/U-box superfamily protein (ATL78) knockout 
mvr2 At5g17330 glutamate decarboxylase knockout 
mvr3 At5g63160 BTB and TAZ domain protein 1 knockout 
mvr4 At5g15660 F-box and associated interaction 
domains-containing protein 
knockout 
mvr5 At1g21750 PDI-like 1-1 knockout 
mvr6 At5g59090 subtilase 4.12 knockout 
mvr7 At4g25350 EXS (ERD1/XPR1/SYG1) family protein knockout 
mvr9 At2g02450 NAC domain containing protein 34/35 dominant negative 
  
 
 
flagellin sensitive (fs) 
Line No. AGI code Annottion State 
fs1 At5g06839 bZIP transcription factor family protein 
(AtbZIP65: TGA10) 
knockout 
fs2 At3g11280 MYB family transcription factor dominant negative 
fs3 At5g26170 WRKY DNA binding protein 50 dominant negative 
fs4 At5g61430 NAC domain containing protein 100 dominant negative 
fs5 At1g72210 basic helix-loop-helix (bHLH) DNA binding 
super family protein: AtbHLH096 
dominant negative 
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Discussion 
 
Possible Role of H2O2 Signal from Chloroplasts in Cold Acclimation 
Microarray and q-PCR analyses indicate that the H2O2 signaling derived from 
chloroplasts may be involved in the down-regulation of the cold response.  The 
transcript levels of CBF1/DREB1B and CORs were decreased by the tAPX silencing 
under NL (Figure II-1).  CBF1/DREB1B is a central transcription factor for cold 
acclimation and positively regulates the expression of CORs (Novillo et al., 2007; 
Medina et al., 2011).  The transgenic plants with suppressed CBF1/DREB1B expression 
showed a high degree of sensitivity to cold stress (Novillo et al., 2007).  Like the 
CBF1/DREB1B transgenic plants, the estrogen-treated IS-tAPX-19-23 plants were highly 
sensitive to stress, although the high sensitivity was diminished under LL (Figure II-1 
and 2).  Our findings and previous reports suggest that the H2O2 signaling derived from 
chloroplasts down-regulates CBF1/DREB1B expression, resulting in the suppression of 
COR expression and cold tolerance.  On the other hand, downregulation of the 
expression of CBF1/DREB1B and some CORs was not observed in the KO-tAPX plants 
(Figure II-3).  In addition, there was no difference in sensitivity to cold stress between 
wild-type and KO-tAPX plants.  Furthermore, the estrogen-treated IS-tAPX-19-23 
plants as well as the KO-tAPX plants did not show high sensitivity to HL- and 
MV-induced photooxidative stress (Figure II-10) (Maruta et al., 2010).  Thus, it seems 
likely that the down-regulation of coldresponsive genes by the H2O2 signaling, but not a 
decrease in ROS-scavenging capacity, resulted in the cold-sensitive phenotypes of 
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tAPX-silenced plants.  Interestingly, the transcript levels of CBF2/DREB1C known to be 
a negative regulator of CBF1/DREB1B expression were also suppressed by tAPX 
silencing (Novillo et al., 2004). This may indicate a feedback regulation of cold 
acclimation by CBF1/DREB1B under control of H2O2 signaling.   
Cold stress inhibits activities of some enzymes involved in the Calvin cycle, 
leading to overreduction of the photosynthetic electron transport chain due to the 
depletion of NADP+, a final electron acceptor.  Thus, the production of H2O2 in 
chloroplasts is activated by cold stress.  Accordingly, it seems unlikely that the 
suppression of cold-responsive genes by H2O2 signaling from chloroplasts is responsible 
for plant acclimation to cold stress.  Another signaling pathway, possibly 1O2 signaling, 
may act as a positive regulator for cold acclimation and as an antagonist against H2O2 
signaling.   
 
Possible Role of H2O2 Signal from Chloroplasts in SA-mediated Biotic Stress Response 
It was demonstrated that RTS genes include those involved in the response to 
pathogens and SA biosynthesis (Figure II-4).  Actually, the levels of SA were increased 
in response to tAPX silencing (Figure II-5A).  Although the transcription of PR1 and 
PR2 was not induced just by the silencing because the increased level of SA was not so 
high, the expression of PR1 and PR2 was much higher in the tAPX-silenced 
IS-tAPX-19-23 plants than in the control plants on treatment with SA (Fugure II-5).  
These findings suggest that the H2O2 derived from chloroplasts activates not only SA 
biosynthesis but also the response to SA.  Recently, it was found that SA is synthesized 
in chloroplasts (Fragnière et al., 2011).  Furthermore, it is clear that SA can bind to APX 
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isoenzymes and inhibit their activity, leading to an increase in H2O2 (Dempsey et al., 
1999).  Thus, it seems likely that the chloroplastic H2O2 and SA activate each other and 
that this positive feedback loop is involved in the plant response to biotic stress.   
Arabidopsis has two ICS genes, ICS1 and ICS2, known to be involved in SA 
biosynthesis (Garcion et al., 2008).  Garcion et al. (2008) reported that both ICS 
enzymes are located in chloroplasts and ICS1 has a dominant role in the biosynthesis of 
SA.  Although the physiological function of ICS2 remained largely unknown, in this 
study, the expression of ICS2 but not ICS1 increased in response to tAPX silencing, 
resulting in enhanced levels of SA (Figure II-4 and 5A).  These results indicated that 
chloroplastic H2O2 enhances the levels of SA through ICS2 expression.  Mutants lacking 
catalase 2, encoding a major H2O2-scavenging enzyme (CAT2) in peroxisomes, have 
been used to investigate the function of peroxisome-derived H2O2 (Queval et al., 2007).  
It was found that the CAT2-defective mutants show cell death phenotypes under long-day 
conditions, and markedly accumulate ICS1 transcripts and SA (Chaouch et al., 2010).  
Interestingly, the lack of ICS1 inhibited the accumulation of SA in the mutants and 
rescued the phenotypes (Chaouch et al., 2010).  These findings suggest that peroxisomal 
and chloroplastic H2O2 enhance SA biosynthesis through ICS1 and ICS2 expression, 
respectively.  In this study, my finding and result show the role for chloroplastic H2O2 in 
the response to SA.  SA acts as an antagonist of abscisic acid (ABA) signaling (Yasuda 
et al., 2008), which is required plant responses to drought (Fujita et al., 2005), chilling 
(Yan et al., 2011), and high light (Galvez-Valdivieso et al., 2009).  Therefore, it is 
possible that the negative effect of chloroplastic H2O2 on the chilling and high light 
responses is at least partially due to inhibition of ABA signaling by SA accumulation. 
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Interestingly, comparison of the data from IS-tAPX plants and CAT2-defective mutants 
suggests a functional difference between peroxisomal and chloroplastic H2O2 in 
regulating the SA response.  Analysis of double mutants of IS-tAPX and SA 
biosynthesis/signaling would reveal the role for the ICS2 pathway in the chloroplastic 
H2O2-mediated stress response, and the physiological significance of sourcespecific H2O2 
signaling pathways. 
There is growing evidence that ROS are produced in chloroplasts during 
infections and are involved in the resistance to pathogens (Liu et al., 2007; Yao and 
Greenberg, 2006).  It was found that under illumination, the mitogen-activated protein 
kinase cascade, which is involved in the resistance, rapidly inhibits CO2 fixation in 
tobacco chloroplasts, leading to the generation of ROS in chloroplasts due to excess 
excitation energy in the photosynthetic electron transport chain under illumination (Liu et 
al., 2007).  In fact, ROS accumulated in tobacco chloroplasts in a light-dependent 
manner after infection with tobacco mosaic virus, which is known to activate the 
mitogen-activated protein kinase cascade (Liu et al., 2007), suggesting that the source of 
ROS is photosynthesis.  Furthermore, the overexpression of tAPX inhibited the 
hypersensitive response in Arabidopsis plants (Yao and Greenberg, 2006).  These 
findings and data presented previously strongly suggest that chloroplast-generated ROS 
are substantially involved in plant defense and response to pathogens. 
 
Synergistic and Antagonistic Roles of Chloroplastic H2O2 for HL Response 
As described above, we previously found that lack of tAPX and sAPX suppresses 
the expression of ROS-responsive genes, such as APX2, HsfA2, and HSP18.1-C1, under 
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HL, although H2O2 is highly accumulated in the KO-tAPX and KO-sAPX plants (Maruta 
et al., 2010).  This negative regulation of ROS-responsive gene expression 
underHLoccurred in the estrogen-treated IS-tAPX-19-23 plants (Figure II-13), 
suggesting an antagonistic role of chloroplastic H2O2 for HL response.  In fact, the 
induction of RTS genes by the tAPX silencing was lower under ML than NL (Figure 
II-12).  Furthermore, four RTS genes, all of which were highly expressed in response to 
tAPX silencing, were not induced by HL (Figure II-11).  On the other hand, the 
transcript levels of GRFP were significantly increased in response to HL as well as tAPX 
silencing (Figure II-11).  Based on these findings, it is concluded that there are 
synergistic and antagonistic roles of chloroplastic H2O2 for HL response. 
 
The Estrogen-inducible RNAi Method Is Useful for Identification of Source- and 
Kind-specific ROS Signaling 
The levels of RTS genes expression, SA, and stress sensitivity were changed little 
in the KO-tAPX plants compared with wild-type plants.  In many cases, signaling events 
are transient.  Thus, acclimation to the lack of tAPX might occur during the 
developmental process in the KO-tAPX plants, and therefore, the effects of tAPX 
expression on whole gene expression differed between KO-tAPX plants and 
estrogen-treated tAPX-silenced plants.  Accordingly, these findings demonstrated that 
chemical-inducible RNAi is more useful than knock-out or constitutive knockdown for 
identifying source-specific oxidative signaling.  There is no doubt that reverse genetic 
analyses of antioxidative enzymes using knock-out or constitutive knockdown plants 
have provided powerful evidence that ROS act as signaling molecules in plant cells (op 
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den Camp et al., 2003; Rizhsky et al., 2003; Vandenabeele et al., 2004; Davletova et al., 
2005; Gadjev et al., 2006).  However, here we emphasize that the information obtained 
from such plants does not completely reflect the response to ROS themselves, and thus 
the plant response should be analyzed by multiple methods, including chemical-inducible 
RNAi.  The application of chemical-inducible RNAi to other antioxidative enzymes, 
including superoxide dismutase, peroxiredoxin, and other APX, will help to identify 
source- and kind-specific ROS signaling events and clarify their physiological function in 
the stress response.  Moreover, in plants, the signaling functions of ROS have been 
characterized mainly using leaves and/or roots, not stem, flowers, and fruits.  The 
chemical-inducible RNAi method allows tissue-specific gene silencing by limiting the 
tissue of treatment with the agent and, therefore, may also be useful for elucidating the 
tissue-specific function of ROS as signals.   
 
Functional analysis of the genes lead to new insight in the molecular mechanisms of  
ROS-mediated responses to stress 
A knockout and/or dominant-negative mutant screening for RTS genes allowed to 
isolate 15 mvs, 8 mvr, and 5 fs mutants (Table II-4).  A large number of MVS, MVR, and 
FS genes encode transcription factors, but the physiological role of these genes involved 
in stress response is unclear.  For example, among of RTS genes, MVS9, MVS11, and 
FS5 encoded the basic helix-loop-helix (bHLH) transcription factor, AtbHLH101, 
AtbHLH11, and AtbHLH96, respectively.  Although the physiological function of 
AtbHLH11 and AtbHLH96 are still unknown, it has been shown that AtbHLH101 acts as 
an inducer of iron-uptake related genes under iron deficient conditions.  AtbHLH101 is 
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a member of the Ib subgroup of bHLH proteins, including AtbHLH100, AtbHLH039, and 
AtbHLH038.  These bHLHs played an important role in responses to iron deficiency, 
causing a serious growth inhibition and eventually cell death, because the transcript levels 
of these bHLH transcription factors have been shown to be upregulated by iron 
deficiency (Wang et al., 2007; Sivitz et al., 2012).  Furthermore, Maurer et al. (2014) 
indicated that the triple knock out mutant of AtbHLH039, AtbHLH100, and AtbHLH101 
showed a stronger leaf chlorosis than wild type under iron deficient conditions.  These 
findings indicated that the Ib subgroup of bHLH genes is required for modulation of iron 
homeostasis and tolerance to iron deficient; however it is still unclear why the multiple 
disruption of bHLH Ibs shows the dwarf and pale green phenotype under conditions of 
iron deficiency.  In this study, the dominant-negative mutant of bHLH101 showed 
MV-induced photooxidative stress-sensitive phenotype.  In addition, the transcript level 
of bHLH101 was decreased by tAPX silencing and infliction of photooxidative stress 
(data not shown).  These results suggest that the multiple disruption of bHLH Ibs 
enhances the oxidative damage by iron independently system.  This speculation might 
be supported by the finding that the iron deficiency enhanced ROS accumulation in 
leaves and roots (Ramirez et al., 2013).  In addition, under iron deficiency, the 
application of AsA and GSH was able to preserve chlorophyll content without increasing 
internal iron concentration (Ramirez et al., 2013).  Although further studies would be 
required in order to clarify the physiological role of the bHLH, the present findings lead 
to new insight of function of bHLH101 in stress response and might be revealed the 
crosstalk between chloroplastic-ROS mediated oxidative signaling and responses to iron 
deficiency.  In other words, functional analyses of MVS, MVR, and FS genes will reveal 
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further physiological role in chloroplastic H2O2-mediated oxidative signaling.   
 
 
Acknowledgment 
 
I am grateful to Drs. Nam-Hai Chua (Rockefeller University) and Tsuyoshi 
Nakagawa (Shimane University) for donating the pMDC7 vector and pGWB80 vector, 
respectively.  I am also grateful to Dr. Masaru Ohme-Takagi (National Institute of 
Advanced Industrial Science and Technology) for donation of dominant-negative mutants 
for RTS genes.  I am thankful to Dr. Takanori Maruta (Shimane University) for 
providing of IS-tAPX-19 and IS-GUS-2 plants.   
 
  50 
 
CHAPTER III 
 
Comprehensive analysis of chloroplastic H2O2 responsive genes involved in  
stress responses in Arabidopsis 
 
Introduction 
 
As mentioned chapter II, to elucidate the signaling function of chloroplastic H2O2, 
an estrogen-inducible tAPX silencing plant, named IS-tAPX-19, was created in our 
laboratory.  Microarray analysis using IS-tAPX-19 revealed that the transient reduction 
of tAPX affects the expression of 774 genes, which are named RTS.  Our laboratory has 
been conducting comprehensive reverse genetic analyses of RTS genes to clarify the 
molecular mechanism of chloroplastic H2O2-mediated signaling in stress conditions.  By 
screening knockout and/or dominant-negative mutants for RTS genes exhibiting high or 
low sensitivity to treatments with oxidative stress and/or flg22, some stress-susceptible 
and -resistant mutants were screened (Table II-4).  Among the responsible genes of 
these stress-sensitive and/or insensitive mutants, the MVR2 gene encoded glutamate 
decarboxylase 1 (GAD1), which synthesize γ-aminobutyrate (GABA) from glutamate 
(Shlep et al., 2012).  Based on these findings, it was found that GAD1-produced GABA 
facilitated the oxidative stress response, and that chlorplastic H2O2 increased GABA 
concentrations by inducing GAD1 expression, indicating that GABA acts as a second 
messenger in the chloroplastic H2O2-mediated stress response (Maruta et al., 2013).  For 
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that reason, it was considered that responsible genes of these stress-sensitive and/or 
-insensitive mutants include key components of chloroplastic H2O2-triggered signaling 
and the functional analysis of the genes lead to new insight in the molecular mechanisms 
of ROS-mediated responses to stress.   
In this chapter, the two studies of functional analysis of RTS genes using reverse 
genetic approach were conducted, indicating new insight of physiological role and 
morelucular mechanisms of chloroplastic H2O2 mediated signaling in responses to 
stresses.   
 
(1) Ferulic acid 5-hydroxylase 1 is essential for expression of anthocyanin 
biosynthesis-associated genes and anthocyanin accumulation  under photooxidative 
stress in Arabidopsis, 
(2) Arabidopsis clade IV TGA transcription factors, TGA10 and TGA9, are involved in 
ROS-mediated responses to bacterial PAMP flg22.   
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SECTION III-I  
 
Ferulic acid 5-hydroxylase 1 is essential for expression of anthocyanin 
biosynthesis-associated genes and anthocyanin accumulation  
under photooxidative stress in Arabidopsis 
 
 Introduction 
 
Plants have multiple defense systems against photooxidative stress.  As one of 
the major antioxidants, anthocyanins are important for preventing photoinhibition and 
photodamage through the absorption of excessive solar radiation that would otherwise be 
absorbed by chloroplast pigments (Chalker-Scott, 1999; Field et al., 2001).  In fact, 
plants highly accumulate anthocyanins under HL (Page et al., 2012).  As shown in 
Figure III-I-1, anthocyanins as well as flavonols, the main flavonoids in Arabidopsis, are 
synthesized from malonyl-CoA and phenylalanine, an intermediate of the 
phenylpropanoid pathway (Petroni and Tonelli, 2011; Fraser and Chapple, 2011).  The 
molecular mechanisms behind the biosynthesis of phenylpropanoid and anthocyanins are 
well characterized.  However, the involvement of ROS and cellular redox states in the 
regulation of these pathways is still under discussion.   
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Figure III-I-1.  The phenylpropanoid pathway and the biosynthesis of anthocyanin.  
PAL, phenylalanine ammonia-lyases; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate:CoA 
ligase; HCT, hydroxycinnamoyl-CoA shikimate:quinate hydroxycinnamoyl-transferase; COMT, 
caffeic acid/5-hydroxyferulic acid O-methyltransferase; CAD, cinnamyl alcohol dehydrogenase; 
CHS, chalcone synthase; CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3’H, 
flavonoid 3’-hydroxylase; DFR, dihydroflavonol 4-reductase; LDOX, lencoanthocyanidin 
dioxygenase.  
 
 
In this section, a null mutant of ferulate 5-hydroxylase 1 (FAH1), which involved 
in the phenylpropanoid pathway (Fraser and Chapple, 2011), was found as an 
anthocyanin-deficient mutant under photooxidative stress.  The expression of 
anthocyanin biosynthesis-associated genes was also inhibited in this mutant.  
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Furthermore, silencing of tAPX enhanced the expression of FAH1 and accumulation of 
anthocyanin without any application of stress.  These findings suggest that FAH1 is 
essential for expression of anthocyanin biosynthesis-associated genes and anthocyanin 
accumulation under photooxidative stress, and provide a new insight into the positive role 
of chloroplastic H2O2 in photooxidative stress response.   
 
 
 
 
 
 
Materials and Methods 
 
Plant materials and growth conditions 
Arabidopsis thaliana Col-0 was used as the wild-type plants. T-DNA insertion 
lines of RTS genes including fah1-101 (SAIL_80_C01) in the Col-0 background were 
obtained from the ABRC.  The mutant lines are listed in Table III-I-1. Other fah1 
alleles, fah1-2 and fah1-7, and a reduced epidermal fluorescence (ref) mutant, ref1-4, 
were also obtained from ABRC.  To isolate oxidative stress-sensitive and -insensitive 
mutants, 20 seeds of respective T-DNA insertion lines and wild-type plants were surface 
sterilized, imbibed, and vernalized for 2 days (4°C, dark) in tubes.  The seeds of the 
T-DNA insertion lines and wild type were separately sown on half-strength MS medium 
containing 1% (w/v) sucrose with 0.1 µM MV, a ROS-producing agent in chloroplasts 
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and mitochondria.  Plants were grown under NL condition for 2 weeks, and phenotypes 
of the T-DNA insertion lines were carefully compared to those of wild-type plants during 
seedling development.   
The wild-type and fah1-101 plants were also grown on the MS medium without 
MV under ML at 400 µmol photons m-2 s-1 to induce photooxidative stress.  For a 
short-term application of photooxidative stress, two-week-old wild-type and/or fah1-101 
plants grown on the MS medium under NL conditions were exposed to HL at 1,000 µmol 
photons m-2 s-1 or sprayed with 25 µM MV.  In any case, I used continuous light 
conditions for plant growth and stress application to abolish light/dark effects on the 
production of chloroplastic H2O2.   
IS-tAPX-19 (for tAPX silencing) and IS-GUS-2 (for control) plants were grown 
as mentioned in chapter II.   
 
Measurement of anthocyanin, chlorophyll, and malondialdehyde 
For the extraction of anthocyanin, Arabidopsis leaves (50-100 mg) were 
homogenized in 1 mL of extraction buffer [18% (v/v) 1-propanol and 1% (v/v) HCl] and 
shaken for 1 h.  The homogenate was boiled in a water bath for 30 min and incubated 
for 8–10 h at 23°C in darkness.  The supernatant was obtained by centrifugation at 
10,000 x g for 10 min.  The absorbance (A535– A650) of anthocyanin in the supernatant 
was quantified spectrophotometrically (PharmaSpec UV-1700; Shimadzu); the amount of 
anthocyanin was calculated per g FW.  Chlorophyll was extracted at 4°C from 0.2 g of 
seedlings using acetone, and the amount was determined according to Arnon (1949).   
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The thiobarbituric acid test was used to determine malondialdehyde (MDA) as an 
end-product of lipid peroxidation (Roxas et al., 1997).  The MDA contents were 
estimated by measuring absorbance from A532 to A600 and using a molar absorption 
coefficient of 1.56 X 105 (Gueta-Dahan et al., 1997).   
 
Leaf area determination 
Leaf area measurements were performed as described by Schulz et al. (2012).  
Two-week-old seedlings were photographed, and the surface area of third leaves 
(hereafter called leaf area) was measured and analyzed using imageJ as described by 
Schindelin et al. (2012).  Data was processed using Microsoft Excel and statistical 
analysis was performed with a t-test.   
 
Semi-quantitative RT-PCR experiments 
Total RNA was isolated from the leaves of Arabidopsis thaliana ecotype 
Columbia (Col-0) according to Matuta et al. (2012b).  First strand cDNA was 
synthesized using ReverTra Ace reverse transcriptase (TOYOBO, Osaka, Japan) with an 
oligo dT primer.  The semi-quantitative RT-PCR experiments were performed according 
to Ogawa et al. (2005).  Primer sequences are as follows; FAH1-F 
(5’-CGGTCGGTCTCTTGTAACGTTG-3'), FAH1-R 
(5’-CAACTCGTCTGTCAAGTCCAACGA-3’), Actin8-F 
(5’-GAGATCCACATCTGCTGG-3’), and Actin8-R 
(5’-GCTGAGAGATTCAGGTGCCC-3’).   
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Quantitative Real-Time PCR experiments 
q-PCR experiments were performed according to Nishizawa et al. (2006).  
Primer pairs for q-PCR were designed using PRIMER EXPRESS software (Applied 
Biosystems); primer sequences as well as accession numbers of genes are shown in Table 
III-I-1.  Gene-specific primers were chosen such that the resulting PCR product had an 
approximately equal size of 100 bp.  q-PCR was performed with an Applied Biosystems 
7300 Real Time PCR System, using the SYBR Premix Ex Taq (Takara).  Actin2 mRNA 
was used as an internal standard in all experiments.  I confirmed that the expression of 
Actin2 is not changed in my experimental conditions by semi-quantitative RT-PCR (data 
not shown).  q-PCR experiments were repeated at least three times for cDNA prepared 
for three batches of plants.  The significance of differences between data sets was 
evaluated with a t-test. Calculations were carried out with Microsoft Excel software.   
 
Table III-I-1.  Primer sequences used for q-PCR experiments. 
 
Gene AGI code Primer sequence 
PAL1 At2g37040 F 5'-GGGAAGAGCTTGGAACAGAGCTTTT-3' 
  
R 5'-AATGGGAGCTCCGTTCCACTCG-3' 
PAL2 At3g53260 F 5'-GATGGTCGAAGAGTATCGTAGACC-3' 
  
R 5'-CTTAACGCTGCCTCCTACGGT-3' 
PAL3 At5g04230 F 5'-GAATGTCTGAAAGAGTGGAACGGTG-3' 
  
R 5'-CGAAGGCAAGACGATTACTACACAAC-3' 
C4H At2g30490 F 5'-TCTCGCCACGGTGATTTCAAAGC-3' 
  
R 5'-GCGTAATCGACGAGATTACGGTG-3' 
4CL At1g51680 F 5'-ACGTGTACACTTACTCCGACGTC-3' 
  
R 5'-GGACGAATTCGGGACAGTTTGG-3' 
HCT At5g48930 F 5'-CCTAGTGTCTACTTCTACAGACCC-3' 
  
R 5'-TCGATCTCAATACGACCATCATCG-3' 
COMT At5g54160 F 5'-CTTCCAGAGACACCAGACTCAAGC-3' 
  
R 5'-GCCTGATGCTTTGGCTAATGCCTC-3' 
CAD At3g19450 F 5'-CTTGTCTTAAACTCGACGGGAAAT-3' 
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R 5'-GATATCACTTTCCTCCCAAGAATGA-3' 
CHS At5g13930 F 5'-CCTGCAGGCATCTTGGCTATT-3' 
  
R 5'-CACTGTTGGTGATGCGGAAGT-3' 
CHI At3g55120 F 5'-GGATCGCTHTCATCGAGAACA-3' 
  
R 5'-CACCGTTCTTCCCGATGATAGA-3' 
F3H At3g51240 F 5'-GAAGGAGCGTTTGTCGTCAATC-3' 
  
R 5'-CAGCATTCTTGAACCTCCCATT-3' 
F3'H At5g07990 F 5'-CGTGGTCGCCGCTTCTAA-3' 
  
R 5'-CGAAATTGGCGTCGTGTATTTT-3' 
DFR At5g42800 F 5'-CGGATGTGACGGTGTTTTCC-3' 
  
R 5'-TTATCACTTCGTTCTCAGGATCTTTTG-3' 
LDOX At4g22880 F 5'-TCCGGGTTTGCAGCTTTTC-3' 
  
R 5'-ATCACAATCGAATCAGGAACACATT-3' 
LDOX putative At4g22870 F 5'-GGCTGTGTTTTGTGAGCCACCA-3' 
  
R 5'-CCTTGGAGGAAACTTAGCCGGAGA-3' 
TTG1 At5g24520 F 5'-ACAACAGCAAAACGAGCGAGTT-3'
 
  
R 5'-TTCGGCTCTACATCGTTCCAAT-3'
 
EGL3 At1g63650 F 5'-TCAGTAACTGCATTCACCAATCGT-3'
 
  
R 5'-CAAGTCTCCCGGTTGTTCCA-3'
 
GL3 At5g41315 F 5'-CAAAGTGTGATCTCAACGATTTTTAAGA-3'
 
  
R 5'-TGACTGTTTATCGCAGTTTCGAAA-3'
 
TT8 At4g09820 F 5'-CAACAGCTCAGGGAGCTTTATGA-3'
 
  
R 5'-GCGGTGCATGCTCTTGCT-3'
 
PAP1 At1g56650 F 5'-TGCTGGAAGATTACCTGGTCG-3'
 
  
R 5'-AGTGCCGGTGTTGTAGGAATG-3'
 
PAP2 At1g66390 F 5'-GTCCAAAGGGTTGAGGAAAGG-3'
 
  
R 5'-CGATTTAGCCCAGCTCTCAAAG-3'
 
MYBL2 At5g26660 F 5'-GTCTCATCGCAACAAGGTCCAT-3'
 
  
R 5'-ACTAAAGCAAAACGCAGACTTTTGA-3'
 
ANAC078 At5g04410 F 5'-CAGCTCCGAAGTACCCATTTCTC-3' 
  
R 5'-GCATTGCGTCCTTTGTTTGG-3' 
FAH1 At4g36220 F 5'-CCGTGGCTCATATATTACATTGCT-3'
 
  
R 5'-GAGCCGTGAGACCAAACACA-3'
 
AACT1 At5g61160 F 5'-CATCCTCACTCACTTTCGCC-3'
 
  
R 5'-AGTGTGTCTCCTGAGAGAAC-3'
 
Actin2 At3g18780 F 5'-GGTGGTTCCATTCTTGCTTCCC-3' 
  
R 5'-TCATACTCGGCCTTGGAGATCC-3' 
 
 
  59 
 
Results and Discussion 
 
Isolation of fah1-101 as an anthocyanin defective mutant during photooxidative stress  
As described above, MV was used to screen mutants because it can produce ROS 
in chloroplasts as well as mitochondria.  When the wild-type plants were grown on the 
MS medium containing 0.1 µM MV under NL for 2 weeks, the above-ground parts, 
especially the proximal areas, became red due to an accumulation of anthocyanins 
(Figure III-I-2A).  In fact, the levels of anthocyanin markedly increased in the 
MV-treated wild-type plants (Figure III-I-2D).  During the screening of MV-sensitive 
and -insensitive mutants, I found visibly an anthocyanin-defective mutant, which lacked 
FAH1 involved in the phenylpropanoid pathway due to a T-DNA insertion (Figure 
III-I-2A, B and D).  Thus the transcript of FAH1 was not detected in the fah1-101 
mutant (Figure III-I-2C).  Although I did not determine quantitatively anthocyanin 
levels in the all T-DNA insertion lines, the fah1-101 was a sole anthocyanin-defective 
mutant in my screening at present.  Under both normal growth and oxidative stress 
conditions, leaf size and fresh weight of the fah1-101 mutant were significantly smaller 
than those of wild type (Figure III-I-3).   
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Figure III-I-2.  Isolation of fah1-101 as an anthocyanin-defective mutant under MV 
treatment.   
The wild-type and fah1-101 plants were grown for 2 weeks on MS medium with or without 0.1 
µM MV under NL (100 µmol photons m-2 s-1).  (A) Phenotypes of the wild-type and fah1-101 
plants. The areas in upper panel surrounded dotted line expanded as shown in the two lower 
panels.  (B) Molecular structure and T-DNA insertion sites of the FAH1 gene.  The T-DNA 
insertion site is indicated with a triangle, and black and white boxes represent exons and 
untranslated regions, respectively.  (C) Transcript levels of FAH1 and Actin8 (control).  (D) 
Levels of anthocyanin, (E) chlorophyll, and (F) MDA in leaves. Error bars indicate SD (n = 5). 
Significant differences: *P < 0.05 vs. the value for wild-type plants.   
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Figure III-I-3.  Effect of the fah1-101 mutation on growth and development.   
The wild-type and fah1-101 plants were grown for 2 weeks on MS medium with or without 0.1 
µM MV under NL (100 µmol photons m-2 s-1).  (A and B) Photographs showing phenotypes of 
the wild-type and fah1-101 plants.  Numbers in the photographs indicate position of leaves.  (C 
and D) Leaf area measurements were performed as described above.  Error bars indicate SD (n 
= 18). Significant differences: *P < 0.05 vs. the value for wild-type plants.  (E) Fresh weight of 
seedlings was measured.  Error bars indicate SD (n = 5).  Significant differences: *P < 0.05 vs. 
the value for wild-type plants.   
 
 
 
The levels of chlorophyll and MDA were decreased and increased, respectively, in 
the fah1-101 mutant under MV treatment (Figure III-I-2E and F), suggesting that the 
mutant is more sensitive to photooxidative stress than wild-type plants.  I also 
investigated whether the fah1-101 mutation affects anthocyanin accumulation under 
strong light.  The wild-type and mutant plants were grown under ML (400 µmol photons 
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m-2 s-1) for 2 weeks.  The levels of anthocyanin in the fah1-101 mutants were less than 
40% of those in the wild-type plants (Figure III-I-4A).  Furthermore, short-term 
exposure to HL (1,000 µmol photons m-2 s-1) enhanced levels of anthocyanin in the 
wild-type plants, but not in the fah1-101 mutant (Figure III-I-4B).  These findings 
indicated that FAH1 is essential for anthocyanin to accumulate under photooxidative 
stress.   
 
 
Figure III-I-4.  Inhibition of anthocyanin accumulation in fah1-101 under ML and HL.  
(A) The wild-type and fah1-101 plants were grown for 2 weeks on MS medium under NL or ML 
(400 µmol photons m-2 s-1).  (B) The wild-type and fah1-101 plants were grown for two weeks 
on MS medium under NL, and then exposed to HL (1,000 µmol photons m-2 s-1).  The levels of 
anthocyanin in leaves were measured.  Error bars indicate SD (n = 3).  Significant differences: 
*P < 0.05 vs. the value for wild-type plants.   
 
 
To clarify whether the anthocyanin-defective phenotype of the fah1-101 is 
observed in other fah1 mutant alleles, fah1-2 and fah1-7 mutants that lacked the FAH1 
gene, for the following analysis.  Like the fah1-101 mutant, the fah1-2 and fah1-7 
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mutants accumulated lower levels of anthocyanin than wild-type plants under MV 
treatment (Figure III-I-5), indicating that FAH1 is required for accumulation of 
anthocyanin under photooxidative stress.  Interestingly, compared with wild type, the 
ref1-4 mutant that was defective in hydroxycinnamaldehyde dehydrogenase (HCALDH) 
accumulated lower levels of the pigments under photooxidative stress (Figure III-I-5).  
These findings provide a possibility that levels of sinapate and/or its derivatives are 
involved in the regulation of anthocyanins accumulation.   
 
 
 
Figure III-I-5.  Levels of anthocyanin in fah1 mutant alleles and ref1-4 under MV 
treatment.  
The wild-type, fah1-101, fah1-2, fah1-7, and ref1-4 plants were grown for 2 weeks on MS 
medium with or without 0.1 µM MV under NL (100 µmol photons m-2 s-1).  The levels of 
anthocyanin in leaves were measured. Error bars indicate SD (n = 5).  Significant differences: 
*P < 0.05 vs. the value for wild-type plants.   
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Expression of anthocyanin biosynthesis-associated genes in the fah1-101 mutant under 
MV-treatment 
As shown in Figure III-I-1, FAH1 catalyzes the hydroxylation of coniferaldehyde 
and coniferyl alcohol to produce 5-hydroxyconiferaldehyde and 5-hydroxyconiferyl 
alcohol, respectively, in the phenylpropanoid pathway, and thus is essential to the 
synthesis of sinapate and S lignin.  Sinapoylation is one of the major modifications to 
anthocyanin (Page et al., 2012; Yonekura-Sakakibara et al., 2012).  Anthocyanin is 
sinapoylated using 1-O-sinapoylglucose as an acyl donor, which is produced by 
glucosylation of sinapate through UDP-glucose: sinapate glucosyl transferase (UGT84A2) 
(Lim et al., 2001; Sinlapadech et al., 2007).  It was reported that levels of the 
sinapoylated anthocyanins were markedly reduced in knockout mutants lacking 
UGT84A2 (ugt84a2) (Yonekura-Sakakibara et al., 2012).  Accordingly, it is easy to 
consider that fah1-101 mutants cannot accumulate anthocyanin due to an inability to 
produce sinapoylated anthocyanins.  However, there was no visible difference in the 
total level of anthocyanins between the wild-type and ugt84a2 plants caused by the 
accumulation of anthocyanins other than sinapoylated anthocyanins 
(Yonekura-Sasakibara et al., 2012).  Therefore, I hypothesized that metabolic 
perturbation in fah1-101 mutants such as the accumulation or depletion of intermediates 
of the phenylpropanoid pathway results in negative feedback regulation of 
phenylpropanoid or anthocyanin biosynthesis.   
To determine my hypothesis, the expression of genes involved in the 
phenylpropanoid pathway and anthocyanin biosynthesis was analyzed.  First, the 
  65 
expression of phenylalanine ammonia-lyases (PAL1, PAL2, and PAL3), cinnamate 
4-hydroxylase (C4H), 4-coumarate:CoA ligase (4CL), hydroxycinnamoyl-CoA 
shikimate:quinate hydroxycinnamoyl-transferase (HCT), caffeic acid/5-hydroxyferulic 
acid O-methyltransferase (COMT), and cinnamyl alcohol dehydrogenase (CAD), all of 
which are involved in the phenylpropanoid pathways (Figure III-I-1), was determined in 
2-week-old wild-type and fah1-101 plants grown on MS medium with or without MV.  
Under normal growth conditions, there was no difference in the expression of the genes 
between wild-type and fah1-101 plants (Figure III-I-6).  In the wild-type plants, MV 
treatment enhanced the expression of all genes.  However, only two genes, PAL3 and 
CAD, were up-regulated by MV treatment in the fah1-101 mutants (Figure III-I-6).  
These findings indicated that FAH1 is required for the expression of genes involved in the  
phenylpropanoid pathway under photooxidative stress.   
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Figure III-I-6.  Expression of genes involved in the phenylpropanoid pathway in fah1-101 
under MV treatment.   
The wild-type and fah1-101 plants were grown for 2 weeks on MS medium with or without 0.1 
µM MV under NL.  The transcript levels of genes involved in the phenylpropanoid pathway 
were measured by q-PCR analysis.  Error bars indicate SD (n = 3).  Significant differences: *P 
< 0.05 vs. the value for wild-type plants.   
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Second, I examined the expression of chalcone synthase (CHS), chalcone 
isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3’-hydroxylase (F3’H), 
dihydroflavonol 4-reductase (DFR), and lencoanthocyanidin dioxygenase (LDOX), all of 
which are involved in anthocyanin biosynthesis (Figure III-I-1).  In the absence of MV 
treatment, the expression levels of the anthocyanin biosynthesis-associated genes were 
similar in both plants (Figure III-I-7).  The expression of the anthocyanin 
biosynthesis-associated genes as well as genes involved in the phenylpropanoid pathway 
was induced by MV-treatment in the wild-type plants.  In contrast, the induction of all 
genes was significantly inhibited in the fah1-101 mutants.   
 
 
Figure III-I-7.  Expression of anthocyanin biosynthesis-associated genes in fah1-101 under 
MV treatment.   
The wild-type and fah1-101 plants were grown for 2 weeks on MS medium with or without 0.1 
µM MV under NL.  The transcript levels of anthocyanin biosynthesis-associated genes were 
measured by q-PCR analysis.  Error bars indicate SD (n = 3).  Significant differences: *P < 
0.05 vs. the value for wild-type plants.   
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Finally, the expression of genes involved in the regulation of anthocyanin 
biosynthesis was analyzed.  Several transcription factors have been identified as positive 
regulators of anthocyanin biosynthesis; TRANSPARENT TESTA GLABRA1 (TTG1), 
TRANSPARENT TESTA 8 (TT8), GLABROUS3 (GL3), ENHANCER OF GL3 (EGL3), 
and PRODUCTION OF ANTHOCYANIN PIGMENT1 (PAP1) (Petroni and Tonelli, 
2011).  Recently, I found that an Arabidopsis NAC (NAM, ATAF, CUC) transcription 
factor (ANAC078) is HL-inducible and positively regulates anthocyanin biosynthesis 
(Morishita et al., 2009).  In contrast, Arabidopsis MYB-LIKE 2 (MYBL2) is a negative 
regulator (Matsui et al., 2008).  The expression of genes for positive regulators as well 
as biosynthesis was inhibited in the fah1-101 mutant only under treatment with MV 
(Figure III-I-8).  Interestingly, the transcript levels of MYBL2 were enhanced in the 
mutants treated with MV (Figure III-I-8).  These findings suggest that FAH1 is also 
required for the expression of anthocyanin biosynthesis-associated genes and its 
regulatory mechanism.   
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Figure III-I-8.  Expression of transcription factors that regulate anthocyanin biosynthesis 
in fah1-101 under MV treatment.  
The wild-type and fah1-101 plants were grown for 2 weeks on MS medium with or without 0.1 
µM MV under NL.  The transcript levels of genes encoding transcription factors that regulate 
anthocyanin biosynthesis were measured by q-PCR analysis.  Error bars indicate SD (n = 3). 
Significant differences: *P < 0.05 vs. the value for wild-type plants.   
 
 
My findings suggest that FAH1 is involved in regulating the expression of 
anthocyanin biosynthesis-associated genes and anthocyanin accumulation under 
photooxidative stress.  Although it is still unclear why the expression of genes involved 
in phenylpropanoid and anthocyanin biosynthesis is reduced in the fah1-101 mutant 
under photooxidative stress, it is possible that feedback inhibition via the accumulation or 
depletion of intermediates of the phenylpropanoid pathway occurs in the mutant.  
Recently, feedback inhibition of the phenylpropanoid pathway by flavonols was proposed 
(Yin et al., 2012).  The expression of genes associated with the phenylpropanoid and 
anthocyanin biosynthetic pathways, including PAL1, was repressed in a mutant lacking 
flavonol synthase 1 and a double mutant lacking UGT78D1 and UGT78D2, the flavonol 
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3-O-glycosyltransferases in Arabidopsis.  In contrast, the expression of PAL1 was not 
repressed in a mutant lacking CHS (Munné-Bosch et al., 2013).  Because accumulation 
of anthocyanin under photooxidative stress was significantly suppressed in ref1-4 as well 
as fah mutant alleles (Figure III-I-5), it is possible that sinapate and/or its derivatives act 
as signal(s) for regulating phenylpropanoid and anthocyanin biosynthesis.  Further 
analysis using knockout mutants lacking genes involved in the phenylpropanoid pathway 
will be necessary to identify intermediate(s) that inhibit these metabolisms.   
 
Chloroplastic H2O2 positively regulates anthocyanin biosynthesis 
Page et al. (2012) reported that ascorbate is required for anthocyanin 
accumulation under HL, suggesting the redox regulation of anthocyanin biosynthesis.  
Previous microarray analysis using the tAPX silencing system has shown that the 
expression of FAH1 is up-regulated by chloroplastic H2O2 (Maruta et al., 2012a).  To 
confirm this finding, the effect of tAPX silencing on the transcript levels of FAH1 was 
analyzed by a q-PCR analysis.  I have reported that the protein levels of tAPX start to 
decrease at 24 h after treatment with estrogen and are silenced almost completely at 48 
hours in IS-tAPX-19 plants (Maruta et al., 2012a).  As shown in Figure III-I-9A, at 48 
hours after treatment with estrogen, the transcript levels of FAH1 were significantly 
higher in the IS-tAPX-19 plants than in the IS-GUS-2 plants (for control).  Thus, this 
finding was consistent with previous microarray data
 
(Maruta et al., 2012a).  As shown 
in Figure III-I-9C, the transcript levels of FAH1 increased in response to both HL 
exposure and MV treatment. These findings indicated that chloroplastic H2O2 contributes 
to the induction of FAH1 under photooxidative stress.   
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Figure III-I-9.  Effects of tAPX silencing and photooxidative stress on the expression of 
FAH1 and anthocyanin accumulation.   
(A and B) Seventeen-day-old IS-GUS-2 and IS-tAPX-19 plants, grown under NL, were treated 
with 100 µM estrogen for 48 h.  As described in Maruta et al. (2012a), 48 h after the treatment 
with estrogen, the expression of tAPX was markedly suppressed in the IS-tAPX-19 plants, 
resulting in enhanced oxidative damage in the chloroplasts.  (A) The transcript levels of FAH1 
measured by q-PCR.  Error bars indicate SD (n = 3). Significant differences: *P < 0.05 vs. the 
value for IS-GUS-2 plants.  (B) The levels of anthocyanin in leaves.  Error bars indicate SD (n 
= 3).  Significant differences: *P < 0.05 vs. the value for IS-GUS-2 plants.  (C) Two-week-old 
wild-type plants, grown under NL, were exposed to HL or sprayed with 50 µM MV.  The 
transcript levels of FAH1 were measured by q-PCR analysis.  Error bars indicate SD (n = 3).   
 
 
Interestingly, in the IS-tAPX-19 plants, tAPX silencing significantly increased 
levels of anthocyanins under NL conditions (Figure III-I-9B).  Furthermore, I 
previously found that tAPX-silenced plants visibly accumulate anthocyanins under cold 
stress (Maruta et al., 2012a).  These findings suggest that chloroplastic H2O2 enhances 
anthocyanin biosynthesis.  On the other hand, as analyzed in Munné-Bosch et al. (2013), 
previous microarray data showed that some genes involved in the anthocyanin 
metabolism and its regulation are down-regulated in response to tAPX silencing.  Those 
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genes encoded PAP1, PAP2, anthocyanin 5-aromatic acyltransferase 1 (AACT1), and 
putative LODX (At4g22870).  Considering this discrepancy, I hypothesized that those 
genes are transiently up-regulated at early stage in tAPX silencing response and then 
decreased.  To confirm this hypothesis, the chronological effect of tAPX silencing on the 
expression of those genes was analyzed by a q-PCR analysis.  Transcript levels of all 
genes were transiently increased in response to tAPX silencing (Figure III-I-10).  The 
expression of PAP1, PAP2, and LDOX putative as well as FAH1 peaked at 36 h after 
estrogen treatment, while that of AACT1 peaked at 24 h.  These findings indicated that 
chloroplastic H2O2 enhances the expression of anthocyanin biosynthesis- and its 
regulation-associated genes.  At present, it is unclear whether H2O2 is perceived as a 
signal within chloroplasts or in other compartments such as cytosol and nucleus to induce 
FAH1 induction during tAPX silencing.  At 48 h after estrogen treatment, oxidation of 
chloroplastic proteins was enhanced in IS-tAPX-19 plants (Maruta et al., 2012a).  On 
the other hand, tAPX silencing did not affect photosynthesis, growth and development.  
Thus, it is likely that the levels of chloroplastic H2O2 are enhanced in response to tAPX 
silencing but the increased levels are not so high (Maruta et al., 2012a).  These findings 
imply that H2O2 within chloroplasts activates the FAH1 induction and anthocyanin 
accumulation during tAPX silencing.   
Because chloroplastic H2O2 is highly produced under photooxidative stress, it 
appears to function as a signal for activating anthocyanin biosynthesis during the stress.  
It is possible that the induction of FAH1 prevents negative feedback regulation of 
anthocyanin biosynthesis by maintaining the metabolic flow of the phenylpropanoid 
pathway, which inhibits the accumulation or depletion of intermediates, resulting in an 
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accumulation of anthocyanins under photooxidative stress.  In fact, the response of 
FAH1 expression to tAPX silencing was earlier than that of PAP1 and LDOX putative 
(Figure III-I-10).  Another possibility is that chloroplastic H2O2 directly activates the 
expression of anthocyanin biosynthesis-associated genes, because the anthocyanin 
accumulation was not completely inhibited in the fah1 mutants under MV treatment 
(Figure III-I-3).  In any case, the induction of FAH1 gene via chloroplastic H2O2 
signaling would help to activate biosynthesis and accumulation of anthocyanin.  Thus, 
my findings provide a new insight into the positive role of chloroplastic H2O2 in 
photooxidative stress response.   
 
 
Figure III-I-10.  Chronological effect of tAPX silencing on the expression of genes involved 
in anthocyanin metabolism and its regulation.   
Seventeen-day-old IS-GUS-2 and IS-tAPX-19 plants, grown under NL, were treated with 100 µM 
estrogen for 48 h.  The transcript levels of PAP1, PAP2, AACT1, LDOX putative, and FAH1 were 
measured by q-PCR.  Error bars indicate SD (n = 3).  Values without common letter are 
significantly different according to t-test (P < 0.05).   
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It has been demonstrated that FAH1 is required for responses to UV and biotic 
stress (Landry et al., 1995; Demkura and Ballaré, 2012).  Recently, it was found that a 
fah1 mutant was deficient in salicylic acid (Huang et al., 2009), suggesting a role for 
FAH1 in regulating salicylic acid biosynthesis.  Our rabolatory revealed that 
chloroplastic H2O2 can activate salicylic acid-mediated biotic stress response (Maruta et 
al., 2012b; Noshi et al., 2012).  Thus, it may be possible that the induction of FAH1 is 
associated with the chloroplastic H2O2-mediated activation of salicylic acid biosynthesis 
as well as anthocyanin biosynthesis.   
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SECTION III-II 
 
Arabidopsis clade IV TGA transcription factors, TGA10 and TGA9, are involved in 
ROS-mediated responses to bacterial PAMP flg22 
 
Introduction 
 
The perception of pathogen-associated molecular patterns (PAMPs) by plasma 
membrane-localized receptor proteins initiates the first layer of innate immunity, called 
PAMP-triggered immunity (PTI) in plants (Zipfel, 2009; Mazzotta and Kemmerling, 
2011; Bigeard et al., 2015).  The immunogenic peptide of bacterial flagellin (flg22), a 
PAMP, is recognized by the receptor kinase, FLAGELLIN SENSING 2 (FLS2), which 
initiates downstream responses such as the production of ROS and SA, a plant hormone 
that is crucially involved in immune responses (Melotto et al., 2014; Garcia and Hirt, 
2014).  Rboh plays a key role in the rapid production of ROS as second messengers in 
apoplast (Miller et al., 2009), the activity of which is regulated in different ways 
including direct calcium binding to EF-hand motifs and phosphorylation by kinases, such 
as calcium-dependent protein kinases (Ogasawara et al., 2008; Kadota et al., 2014).  
Recent findings demonstrated that upon perceiving flg22, FLS2 and its co-receptor 
BRI1-ASSOCIATED RECEPTOR KINASE1 activate the receptor-like cytoplasmic 
kinase, BOTRYTIS-INDUCED KINASE1 by phosphorylation, which, in turn, interacted 
with, phosphorylated, and activated RbohD, thereby allowing plants to produce ROS at 
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the very early stage (within minutes) of PTI (Kadota et al., 2014; Li et al., 2014).  As 
described in chapter I, rbohD-dependent ROS production is required for various defense 
system against pathogen (Torres et al., 2006; Marino et al., 2012; Kadota et al., 2015).  
In addition to Rboh, chloroplasts have been proposed to produce several kinds of signals, 
including ROS and calcium, for plant immunity (Trotta et al., 2014; Stael et al., 2015).  
Furthermore, I found that the significant accumulation of SA and induction of defense 
genes have been observed in tAPX-silenced plants without any other stress application 
(Maruta et al., 2012a).  Additionally, a partial overlap was previously reported between 
RTSs and PAMP-responsive and/or CALCIUM SENSING RECEPTOR (CAS)-dependent 
genes, which prompted us to speculate that chloroplastic H2O2 is also involved in PTI 
with a CAS-dependent calcium pathway (Shigeoka and Maruta, 2014).  The WHEAT 
KINASE START1 protein was recently found to inactivate tAPX by direct 
phosphorylation upon stripe rust infection in wheat, resulting in the enhanced 
accumulation of H2O2 in chloroplasts for immune responses (Gou et al., 2015).  These 
findings strongly indicate that chloroplasts as well as NADPH oxidase play key roles in 
the production of ROS for plant immunity; however, the modes of action of signaling 
pathway(s) currently remain unclear.   
The Arabidopsis TGACG motif-binding protein family (TGA), a subgroup of 
basic leucine-zipper transcription factors, consists of 10 members, which are further 
classified into five clades: clade I (TGA1 and 4), clade II (TGA2, 5, and 6), clade III 
(TGA3 and 7), clade IV (TGA9 and 10), and clade V (PERIANTHIA/TGA8) (Gatz, 
2013).  Clade II TGAs have been shown to interact with the NONEXPRESSOR OF PR 
GENES 1 (NPR1) protein, a master regulator of SA signaling (Zhang et al., 1999; Zhou et 
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al., 2000; Kim and Dalaney, 2002; Pajerowska-Mukhtar et al., 2013).  Clade I TGA 
factors are also involved in plant immunity (Shearer et al., 2012; Wang and Fobert, 2013).  
Furthermore, clade III TGA3 plays a role in the molecular link between SA and cytokinin 
pathways in defense responses (Choi et al., 2010).  In contrast to these factors, clades IV 
and V are known to regulate plant development; clade V TGA8 acts as a repressor of 
petal formation (Li et al., 2009), while clade IV TGA9 and 10 are essential for anther 
development (Murmu et al., 2010).  A double mutant lacking both TGA9 and 10 fails to 
develop normal anthers, causing male sterility (Murmu et al., 2010).  Accordingly, 
Arabidopsis TGA factors have been largely divided into two groups: immunity- and 
development-related groups.  However, since TGA1 and 4 (clade I) were recently found 
to also be involved in nitrate responses (Alvarez et al., 2014), unconfirmed function(s) of 
TGA factors have been suggested to exist.   
In this section, the T-DNA insertion lines for TGA10 as flg22-sensitive mutants 
was isolated.  Several lines of evidence indicate that this transcription factor is involved 
in flg22-induced ROS mediated early signaling events in order to trigger PTI in a 
SA-independent manner.  Further analyses suggest that TGA9 have a small contribution 
to this process.  These results provide a new role for clade IV TGAs in ROS-mediated 
biotic stress responses.   
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Materials and Methods 
 
Plant materials and growth conditions 
Arabidopsis thaliana (Col-0) was used as the wild-type plant in this study.  
T-DNA insertion lines of TGA10 (tga10-1: SALK_124227, and tga10-2: SALK_099349), 
TGA9 (tga9-1: SALK_091349), and RbohD (rbohD: SALK_109396) were obtained from 
the ABRC.  A double mutant lacking sAPX and tAPX, which are major 
H2O2-scavenging enzymes in chloroplasts, was generated by crossing sapx 
(SALK_083737) and tapx (WiskDsLox457-460_A17) single mutants.   
 
Table III-II-1.  Primer sequences used in this study.   
  
Semi-quantitative RT-PCR analysis 
Primers Sequences 
TGA10-F 5ʹ-GTTCAGCAACTCGAGTCATGTAGG-3ʹ 
TGA10-R 5ʹ-GGATAGATGAGGAGGAAGTGGTG-3ʹ 
TGA9-F 5ʹ-CTCGAAGGCTTTATCCGCCAG-3ʹ 
TGA9-R 5ʹ-GAAATTGGAGAAGTGGTTCCGAGATG-3ʹ 
RbohD-F 5ʹ-GAGCATTAGCTCGCCGGAAT-3ʹ 
RbohD-R 5ʹ-ATCCGCACCGACTGGTTTGG-3ʹ 
sAPX-F 5ʹ-ATGGCAGAGCGTGTGTCTCT-3ʹ 
sAPX-R 5ʹ-GTACCAGCATCATGCCAACC-3ʹ 
tAPX-F 5ʹ-ATTTCACCAAAATGTGCCGC-3ʹ 
tAPX-R 5ʹ-TTTTCCCCAACCACTACGGTC-3ʹ 
Actin8-F 5ʹ-GAGATCCACATCTGCTGG-3ʹ 
Actin8-R 5ʹ-GCTGAGAGATTCAGGTGCCC-3ʹ 
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Quantitative Real-Time PCR analysis 
Primers Sequences 
TGA10-QF 5ʹ-TGTCTTCTAGCCGTTGCGGA-3ʹ 
TGA10-QR 5ʹ-TATCCATCTTGCCGAGGACG-3ʹ 
TGA9-QF 5ʹ-TCTTGACCGTCCGACAAGCT-3ʹ 
TGA9-QR 5ʹ-CTCTCGTGGGCGTGACAAC-3ʹ 
CRK23-QF 5ʹ-GATGTCTCACCGGAAGTTTGCC-3ʹ 
CRK23-QR 5ʹ-GAGGAGCTGAATTCTGCTGCG-3ʹ 
DALL3-QF 5ʹ-CTAAGAGACACGTGGCGTAAGATC-3ʹ 
DALL3-QR 5ʹ-GAATCCGGATTCGACTTTAACGGC-3ʹ 
ALIS5-QF 5ʹ-GAGCATGATGTGAAGACCTGTGC-3ʹ 
ALIS5-QR 5ʹ-CAGTCAGATAAGCAATCCCGAGG-3ʹ 
UP-QF 5ʹ-GCATTGGGCTGGTGAAGACTG-3ʹ 
UP-QR 5ʹ-CTTCTGGTATGCTCTGTAGAACCG-3ʹ 
GTF61-QF 5ʹ-GTGACAGAACCGGTTCTAGATCC-3ʹ 
GTF61-QR 5ʹ-CCAAGCATCAACGATGATTCAACGG-3ʹ 
Actin2-QF 5ʹ-GGTGGTTCCATTCTTGCTTCCC-3ʹ 
Actin2-QR 5ʹ-TCATACTCGGCCTTGGAGATCC-3ʹ 
 
 
Surface-sterilized seeds were maintained at 4°C in the dark for 2 or 3 days.  
Seeds were sown on half-strength MS medium containing 1% (w/v) sucrose with or 
without 1 µM flg22 or 100 µM SA (for long-term stress application).  Plants were grown 
in a growth chamber maintained at 23°C under continuous light (100 µmol photons m-2 
s-1) to abolish light/dark effects on the production of ROS in chloroplasts.  In short-term 
stress applications, 2-week-old plants were exposed to HL (1,000 µmol photons m-2 s-1) 
or sprayed with 1 µM flg22, 100 µM MV, or 100 µM SA.   
IS-tAPX-19 (for tAPX silencing) and IS-GUS-2 (for control) plants were grown 
as mentioned in chapter II.   
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Preparation of total RNA, cDNA synthesis, and semi-quantitative RT-PCR analysis 
Total RNA was isolated from the leaves of Arabidopsis plants using Sepasol-RNA 
I (Nacalai Tesque; Kyoto; Japan).  First strand cDNA was synthesized using reverse 
transcriptase (ReverTra Ace; Toyobo) with an oligo dT primer.  These analyses were 
performed according to the manufacturer’s instructions.  A semi-quantitative RT-PCR 
analysis was performed according to Maruta et al. (2014).  All Primers used for the 
RT-PCR are listed in Table III-II-1.   
 
Quantitative Real-Time PCR analysis 
Primer pairs for quantitative q-PCR were designed using PRIMER EXPRESS 
software (Applied Biosystems).  All Primers used for the q-PCR are listed in Table 
III-II-1.  Gene-specific primers were selected such that the resulting PCR product had 
an approximately equal size of 100 bp.  q-PCR was performed with a LightCycler® 96 
System using the FastStart Universal SYBR Green Master (ROX) (Roche; Basel; 
Switzerland).  Actin2 mRNA was used as an internal standard in all experiments.  
Three experimental replicates were used for one biological replicate.   
 
Leaf area determination 
Two-week-old seedlings were photographed, and the surface area of third leaves 
(hereafter called leaf area) was measured and analyzed using imageJ as described in 
chapter II.   
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Measurements of SA 
Free and total SA were extracted and measured according to section III-I.   
 
H2O2 measurements 
H2O2 was extracted from the leaves of Arabidopsis plants according to Rao et al. 
(2000).  Extract was diluted 5-fold and then measured for H2O2 concentration with an 
Amplex red hydrogen peroxide/peroxidase assay kit (Molecular Probes; Eugene; Oregon; 
USA) according to the manufacture’s instructions.  All this was done in the dark room.   
 
Data analysis 
The statistical analysis of data was based on Student’s t-tests.  Calculations were 
performed on more than 3 independent biological replicates.  In all experiments, except 
for the measurement of leaf sizes, leaves from approximately 20 seedlings were pooled 
and used for one biological replicate.   
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Results 
 
Isolation of tga10 as an flg22-sensitive mutant 
 It was found that the T-DNA-insertion line of TGA10 (tga10-1) was isolated as 
an flg22-sensitive mutant from mutant screening descrived in chapter II.  As shown in 
Figure III-II-1, when grown on medium containing 1 µM flg22, the growth of tga10-1 
was significantly less than that of wild-type plants.  This was consistent with their dry 
weights and leaf sizes (Figure III-II-1D and E).  The same phenotypic response was 
observed in another T-DNA-insertion line (SALK_099349), tga10-2.  In the absence of 
flg22, no significant difference was observed in growth between wild-type and tga10 
mutant plants.  Semi-quantitative RT-PCR confirmed these lines to be null mutants of 
TGA10.  Since TGA10 and TGA9 were characterized to be required for anther 
development redundantly each other, I also obtained and used a knockout mutant of 
TGA9, another clade IV TGA factor.  However, no flg22-sensitive phenotype was 
detected in the mutant.  These findings suggested the role of TGA10 in PTI.   
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Figure III-II-1.  Sensitivity of tga mutants to flg22.   
(A) Molecular structures and T-DNA insertion sites of TGA10 (SALK_124227 and 
SALK_099349) and TGA9 (SALK_091349).  T-DNA insertion sites are indicated by triangles, 
and black and white boxes represent coding and non-coding regions, respectively.  (B) 
Semi-quantitative RT-PCR data showing the expression levels of TGA10 and TGA9 in 2-week-old 
wild-type and mutant plants under normal growth conditions.  (C-E) Wild-type and mutant 
plants were grown on MS medium containing 1 µM flg22 or 100 µM SA for 2 weeks.  (C) 
Plants treated with flg22 or SA were photographed.  (D) The dry weights of plants were 
measured.  Data are means ± SD of at least 5 individual experiments (≥ 20 plants for 1 
experiment).  Significant differences: *P < 0.05 vs. the value for wild-type plants.  (E) Leaf 
area measurements were performed, as described in Materials and Methods.  Scale bars are 10 
mm.  Error bars indicate SD (n = 18).  Significant differences: *P < 0.05 vs. the value for 
wild-type plants.   
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To determine the contribution of TGA9 to flg22 response in more detail, I 
generated a double mutant lacking both TGA9 and 10 (tga9-1 tga10-1).  As reported 
previously (Murmu et al., 2010), the double mutant showed a male sterility, so that I 
could not get homozygous seeds.  For this reason, the tga9-1 (+/-) tga10-1 (-/-) seeds, 
25% of which are probably homozygous, was planted on 1/2 MS medium containing 
flg22, and checked their phenotype.  After phenotyping, all seedlings were genotyped, 
allowing us to determine the sensitivity of homozygous double mutants to flg22.  When 
grown on medium containing 1 µM flg22, the growth of tga9-1 tga10-1 was significantly 
less than that of wild-type and tga10-1 (Figure III-II-2).  These results showed that 
TGA9 have a small contribution to flg22 sensitivity in same pathway.   
 
Figure III-II-2.  Sensitivity of tga9 tga10 double knockout mutants to flg22.   
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(A) Semi-quantitative RT-PCR data showing the expression levels of TGA10 and TGA9 in 
2-week-old wild-type and tga9 tga10 double mutant plants under normal growth conditions.  (B 
and C) Wild-type and mutant plants were grown on MS medium containing 1 µM flg22 for 2 
weeks.  (B) Plants treated with flg22 were photographed.  (C) Leaf area measurements were 
performed, as described in Materials and Methods.  Scale bars are 10 mm.  Error bars indicate 
SD (n = 10).  Significant differences: *P < 0.05 vs. the value for wild-type plants.   
 
 
 
I addressed whether these TGA factors are involved in SA response.  However, 
the lack of TGA10 and TGA9 did not influence sensitivity to the treatment with SA.  
The flg22 treatment enhanced the accumulation of SA in all genotypes; however, no 
significant differences were observed in its levels between wild-type and mutant plants 
(Figure III-II-3).  These results indicated that clade IV TGAs were involved in 
flg22-evoked responses in a SA-independent manner.   
 
 
Figure III-II-3.  SA levels in tga mutants treated with flg22.   
Two-week-old wild-type and mutant plants were sprayed with 1 µM flg22 for 24 h (maintained 
under normal light).  Free and total SA levels were measured in leaves.  Data are means ± SD 
for at least 3 individual experiments (≥ 20 plants for 1 experiment).   
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Relationship between the clade IV TGAs and ROS mediated signaling in response to 
flg22 
TGA10 was identified as an RTS gene based on previous microarray data (Maruta 
et al., 2012a).  Consistent with this finding, the q-PCR analysis revealed that TGA10 
transcript levels were induced by conditional tAPX silencing using an estrogen-induced 
RNAi method without any stress application (Figure III-II-4A).  Furthermore, the 
expression of TGA10 was markedly enhanced by photooxidative stresses, including HL at 
1,000 µmol photons m-2 s-1 and the 100 µM MV treatment (Figure III-II-4B), both of 
which enhance ROS production in chloroplasts and other organelles.  Although the 
expression of TGA9 was not influenced by tAPX silencing only (Figure III-II-4A), it 
was induced by HL and the MV treatment (Figure III-II-4B).  However, this induction 
was markedly lower than that of TGA10.  These results suggest that chloroplastic H2O2 
induces the expression of TGAs.   
 
 
Figure III-II-4.  Expression profiles of TGAs under different stresses.   
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(A) Seventeen-day-old IS-GUS-2 and IS-tAPX-19 were sprayed with 100 µM estrogen, and 
maintained under continuous light. Leaves were harvested 48 h after the treatment. (B) 
Two-week-old wild-type plants were exposed to HL (1,000 µmol photons m-2 s-1) or sprayed with 
100 µM MV, 1 µM flg22, or 100 µM SA (kept under normal light).  TGA10 and TGA9 transcript 
levels were measured by q-PCR.  The relative levels of the transcripts were normalized to Actin2 
mRNA.  Data are means ± SD of at least 3 individual experiments (≥ 20 plants for 1 
experiment).   
 
 
 
Both TGAs, in particular TGA10, were transcriptionally activated by the flg22 
treatment, but not by SA (Figure III-II-5B).  In order to investigate the role of ROS in 
this process, a double mutant lacking sAPX and tAPX (sapx tapx), which are the major 
H2O2 scavengers in chloroplasts (Maruta et al., 2016), and single mutants lacking RbohD 
(rbohD) were used.  These mutants contained no transcript of the respective genes 
(Figure III-II-5).  Interestingly, the flg22-induced expression of TGA10 was enhanced 
more in sapx tapx than in wild-type plants 3 h after of the flg22 treatment (Figure 
III-II-6A).  In contrast, the induction was significantly inhibited by the lack of RbohD 
(Figure III-II-6A).  As shown in Figure III-II-6B, similar results were obtained for the 
expression of TGA9.  These results indicate that ROS are potential second messengers 
for the induction of both TGA10 and TGA9 with the flg22 treatment.  Therefore, I 
analyzed the flg22-induced H2O2 accumulation in the leaves of wild-type and mutant 
plants at the same point in time.  No significant difference was observed on the 
accumulation of H2O2 in wild-type and rbohD mutant plants between before and 3 h after 
the flg22 treatment, while those of sapx tapx mutants was increased (Figure III-II-6C).  
However, within 20 min of the treatment, the levels of H2O2 were increased in all 
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genotypes.  This increase was peaked at 10 min and then decreased in wild-type and 
rbohD mutant plants.  In addition, the lack of RbohD negatively affected the 
flg22-induced H2O2 accumulation (Figure III-II-6C).  Interestingly, compared with 
these plants, the accumulation of H2O2 was maintained at high levels in sapx tapx 
mutants for more than 10 min after flg22 treatment (Figure III-II-6C).  These results 
suggested that chloroplastic H2O2 are produced at an early stage in PTI and regulates the 
expression of defense-related genes.   
 
 
 
 
Figure III-II-5.  The genotyping results of rbohD and sapx tapx.   
(A) Molecular structures and T-DNA insertion sites of RbohD (SALK_109396), sAPX 
(SALK_083737), and tAPX (WiskDsLox457-460_A17).  T-DNA insertion sites are indicated by 
triangles, and black and white boxes represent coding and non-coding regions, respectively.  (B) 
Semi-quantitative RT-PCR data showing the expression levels of RbohD, sAPX, and tAPX in 
2-week-old wild-type and mutant plants under normal growth conditions.  Primer sequences 
were shown in Table III-II-1.   
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Figure III-II-6.  Effects of flg22 on expression of TGAs and H2O2 levels in ROS-related 
mutants.   
Two-week-old wild-type, sapx tapx, and rbohD plants were sprayed with 1 µM flg22 (maintained 
under normal light).  At 3 h after the treatment, (A and B) TGA10 and TGA9 transcript levels in 
the leaves were measured.  The relative levels of the transcripts were normalized to Actin2 
mRNA.  (C) flg22-induced H2O2 accumulation was analyzed at the indicated time points.  Data 
are means ± SD of at least 3 individual experiments (≥ 20 plants for 1 experiment).  Significant 
differences: *P < 0.05 vs. the value for wild-type plants.   
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Expression of chloroplastic H2O2- and flg22-responsive genes in tga10 mutants  
Since chloroplastic H2O2 and flg22 both induce the expression of TGA10 and 
TGA9 (Figures. III-II-4B, 6A, and 6B), their target genes may also be responsive to both 
signals.  I compared all 774 RTS genes with flg22-responsive genes in an attempt to 
identify candidate genes.  The flg22-responsive genes whose expression was up- or 
down-regulated more than 2-fold (P < 0.05) 1 and/or 3 h after the flg22 treatment were 
selected from previous microarray data (Denoux et al., 2008).  Ninety genes were 
up-regulated by chloroplastic H2O2 and flg22, while 106 genes were down-regulated 
(Table III-II-2).  Thus, more than 25% of RTS genes (196/774) were responsive to the 
flg22 signal.  This was expected because the total number of flg22-responsive genes 
selected was 6,239, which accounted for approximately 25% of all Arabidopsis genes.  
However, less than 10% of RTS genes overlapped with flg22-responsive genes when 
genes that were up- and down-regulated by chloroplastic H2O2 were compared with those 
down- and up-regulated by flg22 (data not shown).  These results suggest that 
chloroplastic H2O2 and flg22 share many target genes in the same direction.  I then 
searched for genes with the TGA-binding consensus sequence (TGACG) in their 
promoter regions (~2,000 bp upstream of the transcription initiation site) among 196 
genes using the PLACE database (Higo et al., 1999).  A set of genes (a total of 97) was 
successfully identified as potential targets of TGAs (Table III-II-3).  Of these, 
At4g23310 (cysteine-rich receptor kinase 23: CRK23), At1g79450 (ALA-interacting 
subunit 5: ALIS5), At3g20340 (unknown protein: UP), At2g30550 (DAD1-LIKE LIPASE 
3: DALL3), and At3g57380 (Glycosyltransferase family 61: GTF61) were selected as 
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strong candidates because their promoters contained more than 3 TGA-binding consensus 
sequences (Table III-II-3) and their expression was induced more than 3-fold by flg22 
(Table III-II-2).   
 
Table III-II-2.  Overlap between chloroplastic H2O2- and flg22-responsive genes.   
I compared all 774 RTS genes (Maruta et al., 2012a) with flg22-responsive genes in an 
attempt to identify candidate genes.  The flg22-responsive genes whose expression was up- 
or down-regulated more than 2-fold (P < 0.05) 1 and/or 3 h after the flg22 treatment were 
selected from previous microarray data (Denoux et al., 2008).  Ninety genes were 
up-regulated by chloroplastic H2O2 and flg22, while 106 genes were down-regulated. 
 
The up-regulated genes 
AGI code Gene Annotation 
fold change 
tAPX 
silencing 
flg22 treatment 
1 h 3 h 
At4g30230 
  33.72 0.7 7.71 
At4g26200 ATACS7 1-amino-cyclopropane-1- 
carboxylate synthase 7 
33.48 10.02 14.92 
At2g34930 
 
disease resistance family 
protein /LRR family protein 
25.29 7.64 3.89 
At3g20340 
  16.51 4.45 7.41 
At4g04510 CRK38 cysteine-rich RLK 
(RECEPTOR-like protein 
kinase) 38 
14.43 3.58 11.89 
At4g36430 
 
Peroxidase superfamily protein 7.83 1.98 11.27 
At4g27480 
 
Core-2/I-branching beta-1,6-N- 
acetylglucosaminyltransferase  
family protein 
6.95 1.39 2.1 
At3g45330 
 
Concanavalin A-like lectin 
protein kinase family protein 
4.93 1.49 2.56 
At3g07600 
 
Heavy metal transport/ 
detoxification superfamily 
protein 
4.77 1.86 3.12 
At2g32680 RLP23 receptor like protein 23 4.65 5.62 4.7 
At4g36220 FAH1 ferulic acid 5-hydroxylase 1 4.63 1.33 3.4 
At5g44460 CML43 calmodulin like 43 4.61 1.29 2.35 
At1g77380 ATAAP3 amino acid permease 3 4.54 0.98 7.24 
At4g01870 
 
tolB protein-related 4.44 4.7 8.99 
  92 
At4g23150 CRK7 cysteine-rich RLK 
(RECEPTOR- 
like protein kinase) 7 
4.32 3.55 15.32 
At1g23730 BCA3 beta carbonic anhydrase 3 4.2 0.91 3.38 
At4g18430 RABA1e RAB GTPase homolog A1E 4.15 3.89 7.39 
At5g11920 cwINV6 6-&1-fructan exohydrolase 4.11 1.43 2.77 
At4g23310 CRK23 cysteine-rich RLK 
(RECEPTOR- 
like protein kinase) 23 
4.1 2.07 3.07 
At3g60140 SRG2 Glycosyl hydrolase superfamily 
protein 
3.98 1.81 11.67 
At5g06740 
 
Concanavalin A-like lectin 
protein kinase family protein 
3.82 2.2 7.85 
At5g42830 
 
HXXXD-type acyl-transferase  
family protein 
3.78 31.66 47.66 
At2g35000 ATL9 RING/U-box superfamily 
protein 
3.76 3.6 2.68 
At2g45920 
 
U-box domain-containing 
protein 
3.7 1.34 2.12 
At5g06730 
 
Peroxidase superfamily protein 3.69 1.27 3.21 
At2g18660 PNP-A plant natriuretic peptide A 3.58 5.09 3.23 
At3g53150 UGT73D
1 
UDP-glucosyl transferase 73D1 3.5 4.98 4.68 
At5g01560 LECRKA
4.3 
lectin receptor kinase a4.3 3.45 34.45 66.73 
At1g35910 TPPD Haloacid dehalogenase-like  
hydrolase (HAD) superfamily  
protein 
3.38 4.57 7.78 
At5g17330 GAD1 glutamate decarboxylase 3.3 1.03 2.1 
At2g41380 
 
S-adenosyl-L-methionine- 
dependent methyltransferases  
superfamily protein 
3.28 6.89 20.08 
At5g57510 
  3.2 8.91 3.27 
At1g35230 AGP5 arabinogalactan protein 5 3.12 24.56 16.85 
At3g23250 MYB15 myb domain protein 15 3.11 100 100 
At1g44800 
 
nodulin MtN21 /EamA-like  
transporter family protein 
3.08 0.75 2.02 
At3g11150 
 
2-oxoglutarate (2OG) and 
Fe(II)-dependent oxygenase 
superfamily protein 
3.06 0.71 3.23 
At4g15400 
 
HXXXD-type acyl-transferase  
family protein 
3.03 1.89 7.31 
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At3g28890 RLP43 receptor like protein 43 2.94 1.8 3.22 
At1g21450 SCL1 SCARECROW-like 1 2.92 2.72 2.62 
At1g18860 WRKY61 WRKY DNA-binding protein 
61 
2.92 1.98 6.7 
At2g30550 
 
alpha/beta-Hydrolases  
superfamily protein 
2.85 2.46 3.35 
At4g21850 MSRB9 methionine sulfoxide reductase 
B9 
2.85 1.85 3.79 
At5g13320 WIN3 Auxin-responsive GH3 family  
protein 
2.78 0.85 39.63 
At3g60120 BGLU27 beta glucosidase 27 2.77 37.22 7.72 
At4g34710 SPE2 arginine decarboxylase 2 2.77 2.03 4.94 
At5g57500 
 
Galactosyltransferase family  
protein 
2.74 1.62 2.02 
At5g64000 SAL2 Inositol monophosphatase 
family protein 
2.72 2.12 3.28 
At5g64110 
 
Peroxidase superfamily protein 2.71 1.38 2.3 
At1g51790 
 
Leucine-rich repeat protein  
kinase family protein 
2.7 10.7 24.98 
At2g29120 GLR2.7 glutamate receptor 2.7 2.7 6.87 7.03 
At1g30900 VSR6 VACUOLAR SORTING  
RECEPTOR 6 
2.66 2.6 13.12 
At1g74010 
 
Calcium-dependent  
phosphotriesterase superfamily  
protein 
2.64 1.75 7.84 
At3g13790 ATCWIN
V1 
Glycosyl hydrolases family 32  
protein 
2.63 3.5 13.1 
At5g65140 TPPJ Haloacid dehalogenase-like  
hydrolase (HAD) superfamily  
protein 
2.63 1.8 2.5 
At2g17040 NAC036 NAC domain containing protein 
36 
2.59 9.28 3.85 
At4g01700 
 
Chitinase family protein 2.59 58.65 100 
At2g25940 ALPHAV
PE 
alpha-vacuolar processing  
enzyme 
2.58 4.15 6.3 
At5g53110 
 
RING/U-box superfamily 
protein 
2.57 3.62 8.75 
At1g58340 ZRZ MATE efflux family protein 2.51 3.98 4.11 
At3g01080 WRKY58 WRKY DNA-binding protein 
58 
2.51 4.13 3.81 
At1g57943 PUP17 purine permease 17 2.48 13.28 2.09 
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At2g22860 PSK2 phytosulfokine 2 precursor 2.47 2.62 3.86 
At5g55970 
 
RING/U-box superfamily 
protein 
2.47 2.5 2.01 
At1g60130 
 
Mannose-binding lectin  
superfamily protein 
2.46 0.95 3.9 
At4g11350 
 
Protein of unknown function  
(DUF604) 
2.45 0.93 2.74 
At1g36640 
  2.44 18.22 35.29 
At3g54420 EP3 homolog of carrot EP3-3  
chitinase 
2.44 100 100 
At4g09300 
 
LisH and RanBPM domains  
containing protein 
2.4 1.84 2.68 
At1g21750 PDIL1-1 PDI-like 1-1 2.36 0.81 3.25 
At3g06490 MYB108 myb domain protein 108 2.35 2.07 2.41 
At1g51670 
  2.31 2.79 0.99 
At1g65610 KOR2 Six-hairpin glycosidases  
superfamily protein 
2.3 1.6 3.98 
At1g26410 
 
FAD-binding Berberine family  
protein 
2.29 77.85 100 
At4g11890 
 
Protein kinase superfamily 
protein 
2.29 14.85 12.22 
At1g04960 
 
Protein of unknown function  
(DUF1664) 
2.25 1.86 2.36 
At1g75170 
 
Sec14p-like 
phosphatidylinositol  
transfer family protein 
2.25 1.15 3.24 
At2g45220 
 
Plant invertase/pectin  
methylesterase inhibitor  
superfamily 
2.25 5.82 51.41 
At5g37490 
 
ARM repeat superfamily 
protein 
2.23 11.65 5.69 
At1g18890 CPK10 calcium-dependent protein 
kinase 1 
2.22 3.48 3.82 
At3g48640 
  2.22 18.1 11.07 
At2g25440 RLP20 receptor like protein 20 2.2 2.02 3.11 
At3g12910 
 
NAC (No Apical Meristem)  
domain transcriptional regulator 
superfamily protein 
2.19 100 8.57 
At5g24110 WRKY30 WRKY DNA-binding protein 
30 
2.18 100 26.43 
At2g39980 
 
HXXXD-type acyl-transferase  
family protein 
2.13 0.78 6.84 
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At2g29100 GLR2.9 glutamate receptor 2.9 2.12 17.64 3.21 
At4g08250 
 
GRAS family transcription 
factor 
2.1 2.33 2.44 
At1g47890 RLP7 receptor like protein 7 2.09 6.82 5.1 
At1g79450 ALIS5 ALA-interacting subunit 5 2.09 3.68 8.28 
At3g47780 ATH6 ABC2 homolog 6 2.07 1.7 2.24 
At3g57380 
 
Glycosyltransferase family 61 
protein 
2.07 8.46 14 
 
The down-regulated genes 
AGI code Gene Annotation 
fold change 
tAPX 
silencing 
flg22 treatment 
1 h 3 h 
At3g15270 SPL5 squamosa promoter binding  
protein-like 5 
0.22 0.54 0.29 
At3g63160   0.24 0.71 0.26 
At1g20070   0.25 0.2 0.57 
At4g30650  Low temperature and salt 
responsive protein family 
0.26 0.6 0.31 
At3g20810 JMJD5 2-oxoglutarate (2OG) and 
Fe(II)-dependent oxygenase 
superfamily protein 
0.28 0.57 0.15 
At1g07050  CCT motif family protein 0.29 0.33 0.12 
At1g65310 XTH17 xyloglucan 
endotransglucosylase/hydrolase 
17 
0.29 1.95 0.29 
At3g28270 
 
Protein of unknown function 
(DUF677) 
0.29 0.56 0.12 
At5g39790 
 
5'-AMP-activated protein 
kinase-related 
0.3 1.11 0.4 
At1g69870 NRT1.7 nitrate transporter 1.7 0.31 0.84 0.47 
At4g26530 
 
Aldolase superfamily protein 0.31 0.48 0.05 
At5g62360 
 
Plant invertase/pectin  
methylesterase inhibitor  
superfamily protein 
0.32 0.32 0.13 
At1g10770 
 
Plant invertase/pectin  
methylesterase inhibitor  
superfamily protein 
0.32 1.02 0.4 
At1g29395 COR414-
TM1 
COLD REGULATED 314  
INNER MEMBRANE 1 
0.32 0.41 0.26 
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At5g62280 
 
Protein of unknown function  
(DUF1442) 
0.33 0.11 0.22 
At5g17220 TT19 glutathione S-transferase phi 12 0.33 0.32 1.24 
At5g58260 NdhN oxidoreductases, acting on  
NADH or NADPH, quinone or  
similar compound as acceptor 
0.34 0.63 0.16 
At5g58860 CYP86A1 cytochrome P450, family 86,  
subfamily A, polypeptide 1 
0.34 0.6 0.41 
At1g78995 
  0.35 0.17 0.07 
At3g01440 PQL1 PsbQ-like 1 0.35 0.7 0.33 
At3g48360 BT2 BTB and TAZ domain protein 2 0.36 0.38 0.62 
At4g17090 CT-BMY chloroplast beta-amylase 0.36 0.78 0.5 
At4g23600 JR2 Tyrosine transaminase family  
protein 
0.36 1.03 0.41 
At5g67480 BT4 BTB and TAZ domain protein 4 0.36 0.22 0.29 
At1g14150 PQL2 PsbQ-like 2 0.36 0.74 0.13 
At5g51550 EXL3 EXORDIUM like 3 0.36 0.32 0.24 
At3g05800 AIF1 AtBS1 (activation-tagged BRI1 
suppressor 1)-interacting factor 
1 
0.37 0.22 0.18 
At2g05160 
 
CCCH-type zinc fingerfamily  
protein with RNA-binding 
domain 
0.37 1.01 0.34 
At5g39210 CRR7 chlororespiratory reduction 7 0.37 0.33 0.03 
At2g29630 THIC thiaminC 0.38 0.75 0.32 
At1g68520 
 
B-box type zinc finger protein  
with CCT domain 
0.38 0.09 0.15 
At3g60290 
 
2-oxoglutarate (2OG) and 
Fe(II)-dependent oxygenase 
superfamily protein 
0.38 0.61 0.34 
At2g45350 CRR4 Pentatricopeptide repeat (PPR)  
superfamily protein 
0.39 0.56 0.3 
At1g07440 
 
NAD(P)-binding 
Rossmann-fold superfamily 
protein 
0.4 0.81 0.32 
At2g28900 OEP16-1 outer plastid envelope protein 
16-1 
0.4 0.9 0.36 
At5g25240 
  0.4 0.2 0.29 
At5g13730 SIGD sigma factor 4 0.41 0.43 0.17 
At1g17665 
  0.41 0.65 0.21 
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At1g62510 
 
Bifunctional inhibitor/ 
lipid-transfer protein/seed 
storage 2S albumin superfamily 
protein 
0.41 0.84 0.46 
At5g17170 ENH1 rubredoxin family protein 0.41 0.79 0.25 
At1g64680 
  0.42 0.78 0.43 
At1g80130 
 
Tetratricopeptide repeat (TPR)- 
like superfamily protein 
0.42 0.42 0.63 
At3g62410 CP12-2 CP12 domain-containing  
protein 2 
0.42 0.61 0.11 
At5g63810 BGAL10 beta-galactosidase 10 0.42 1.21 0.33 
At1g24260 3-Sep K-box region and MADS-box  
transcription factor family 
protein 
0.43 0.7 0.28 
At1g64770 PnsB2 NDH-dependent cyclic electron 
flow 1 
0.43 0.61 0.22 
At1g75800 
 
Pathogenesis-related thaumatin  
superfamily protein 
0.43 0.38 0.31 
At2g16660 
 
Major facilitator superfamily  
protein 
0.43 0.69 0.26 
At2g26710 CYP734A
1 
Cytochrome P450 superfamily  
protein 
0.43 0.3 0.32 
At3g46130 MYB48 myb domain protein 48 0.43 0.2 0.05 
At1g06080 ADS1 delta 9 desaturase 1 0.44 0.4 0.46 
At3g55630 FPGS3 DHFS-FPGS homolog D 0.44 0.81 0.26 
At1g04240 SHY2 AUX/IAA transcriptional  
regulator family protein 
0.44 0.34 0.15 
At2g02450 NAC035 NAC domain containing  
protein 35 
0.44 0.33 0.27 
At4g33470 hda14 histone deacetylase 14 0.44 0.48 0.47 
At4g37240 
  0.44 0.3 0.34 
At4g39040 
 
RNA-binding CRS1 / YhbY  
(CRM) domain protein 
0.44 0.78 0.33 
At5g58660 
 
2-oxoglutarate (2OG) and 
Fe(II)-dependent oxygenase  
superfamily protein 
0.44 0.33 0.82 
At2g36390 SBE2.1 starch branching enzyme 2.1 0.45 0.2 0.13 
At5g03720 HSFA3 heat shock transcription factor 
A3 
0.45 1.01 0.5 
At3g16250 PnsB3 NDH-dependent cyclic electron 
flow 1 
0.45 0.55 0.13 
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At5g05890 
 
UDP-Glycosyltransferase  
superfamily protein 
0.45 0.6 0.47 
At5g11070 
  0.46 0.39 0.45 
At1g19670 CORI1 chlorophyllase 1 0.46 0.28 0.32 
At1g26230 Cpn60bet
a4 
TCP-1/cpn60 chaperonin family 
protein 
0.46 0.77 0.26 
At1g32470 
 
Single hybrid motif superfamily 
protein 
0.46 0.83 0.31 
At4g39710 PnsL4 FK506-binding protein 16-2 0.46 0.66 0.26 
At5g17860 CAX7 calcium exchanger 7 0.46 0.38 0.92 
At5g52310 RD29A low-temperature-responsive  
protein 78 (LTI78) / 
desiccation-responsive protein 
29A (RD29A) 
0.46 0.29 0.13 
At5g62670 HA11 H(+)-ATPase 11 0.46 0.7 0.41 
At1g70090 LGT8 glucosyl transferase family 8 0.47 0.38 0.19 
At3g06070 
  0.47 0.37 0.43 
At1g03300 DUF1 DOMAIN OF UNKNOWN  
FUNCTION 724 1 
0.47 0.65 0.44 
At1g27480 
 
alpha/beta-Hydrolases  
superfamily protein 
0.47 0.33 0.12 
At1g67590 
 
Remorin family protein 0.47 0.28 0.19 
At2g04790 
  0.47 0.16 0.05 
At2g18050 HIS1-3 histone H1-3 0.47 0.28 0.44 
At3g46970 PHS2 alpha-glucan phosphorylase 2 0.47 1.07 0.16 
At4g19530 
 
disease resistance protein  
(TIR-NBS-LRR class) family 
0.47 0.43 0.06 
At5g24165 
  0.47 0.77 0.39 
At1g19150 Lhca6 photosystem I light harvesting  
complex gene 6 
0.48 0.43 0.05 
At3g62630 
 
Protein of unknown function  
(DUF1645) 
0.48 0.34 0.41 
At5g44410 
 
FAD-binding Berberine family  
protein 
0.48 0.33 0.29 
At1g07280 
 
Tetratricopeptide repeat (TPR)- 
like superfamily protein 
0.48 0.58 0.45 
At1g29390 COR413I
M2 
cold regulated 314 thylakoid  
membrane 2 
0.48 0.82 0.47 
At2g45600 
 
alpha/beta-Hydrolases  
superfamily protein 
0.48 0.3 0.65 
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At3g12685 
 
Acid phosphatase/vanadium- 
dependent haloperoxidase- 
related protein 
0.48 0.67 0.39 
At4g09020 ISA3 isoamylase 3 0.48 1.04 0.36 
At1g04620 HCAR coenzyme F420 hydrogenase  
family / dehydrogenase, beta  
subunit family 
0.49 0.66 0.43 
At1g62780 
  0.49 0.74 0.37 
At3g47070 
  0.49 0.8 0.28 
At3g47160 
 
RING/U-box superfamily 
protein 
0.49 0.38 0.58 
At4g17460 HAT1 Homeobox-leucine zipper 
protein 4 (HB-4) / HD-ZIP 
protein 
0.49 0.43 0.22 
At5g05740 EGY2 ethylene-dependent 
gravitropism-deficient and 
yellow-green-like 2 
0.49 0.87 0.48 
At5g52970 
 
thylakoid lumen 15.0 kDa 
protein 
0.49 0.63 0.06 
At4g33666 
  0.49 0.44 0.68 
At5g06690 WCRKC1 WCRKC thioredoxin 1 0.49 0.87 0.31 
At1g29500 
 
SAUR-like auxin-responsive  
protein family 
0.5 0.2 0.12 
At3g19850 
 
Phototropic-responsive NPH3  
family protein 
0.5 0.12 0.08 
At1g64355 
  0.5 0.65 0.42 
At1g75900 
 
GDSL-like 
Lipase/Acylhydrolase 
superfamily protein 
0.5 0.65 0.21 
At2g36830 TIP1;1 gamma tonoplast intrinsic 
protein 
0.5 0.86 0.4 
At2g40670 RR16 response regulator 16 0.5 0.27 0.59 
At3g25670 
 
Leucine-rich repeat (LRR) 
family protein 
0.5 0.37 0.36 
At3g48420 
 
Haloacid dehalogenase-like  
hydrolase (HAD) superfamily  
protein 
0.5 0.73 0.44 
At5g27950 
 P-loop containing nucleoside 
triphosphate hydrolases 
superfamily protein 
0.5 0.48 0.59 
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Table III-II-3.  Potential target genes of TGA10  
I searched for genes with the TGA-binding consensus sequence (TGACG) in their promoter 
regions (~2,000 bp upstream of the transcription initiation site) among 196 genes whose 
expression is regulated by both chloroplastic H2O2 and flg22 (see Table III-II-2).   
 
The up-regulated genes 
AGI code Gene Annotation No. of TGACG Position 
At3g20340 
  
3
 
1719, 1774, 
1828 
At4g23150 CRK7 cysteine-rich RLK (RECEPTOR- 
like protein kinase) 7 
2 961, 1851 
At1g23730 BCA3 beta carbonic anhydrase 3 2 374, 1223 
At4g23310 CRK23 cysteine-rich RLK (RECEPTOR- 
like protein kinase) 23 
3 320, 1014, 
1514 
At3g60140 SRG2 Glycosyl hydrolase superfamily  
protein 
2 1588, 1861 
At5g42830 
 
HXXXD-type acyl-transferase  
family protein 
1 300 
At2g45920 
 
U-box domain-containing protein 1 92 
At2g18660 PNP-A plant natriuretic peptide A 2 351, 1896 
At3g53150 UGT73D1 UDP-glucosyl transferase 73D1 1 1777 
At5g01560 LECRKA4.
3 
lectin receptor kinase a4.3 1 1175 
At5g57510 
  1 1117 
At1g35230 AGP5 arabinogalactan protein 5 1 1516 
At4g15400 
 
HXXXD-type acyl-transferase  
family protein 
1 173 
At3g28890 RLP43 receptor like protein 43 1 1256 
At2g30550 
 
alpha/beta-Hydrolases superfamily 
protein 
3 966, 1003, 
1358 
At3g60120 BGLU27 beta glucosidase 27 1 488 
At5g57500 
 
Galactosyltransferase family protein 2 560, 790 
At2g29120 GLR2.7 glutamate receptor 2.7 1 239 
At1g30900 VSR6 VACUOLAR SORTING  
RECEPTOR 6 
1 830 
At3g13790 ATCWINV
1 
Glycosyl hydrolases family 32  
protein 
1 1227 
At2g22860 PSK2 phytosulfokine 2 precursor 1 1536 
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At1g60130 
 
Mannose-binding lectin  
superfamily protein 
1 1645 
At4g11350 
 
Protein of unknown function  
(DUF604) 
1 1635 
At1g36640 
  1 157 
At4g09300 
 
LisH and RanBPM domains  
containing protein 
1 1393 
At1g21750 PDIL1-1 PDI-like 1-1 2 1659, 1841 
At3g06490 MYB108 myb domain protein 108 1 253 
At1g26410 
 
FAD-binding Berberine family  
protein 
2 1170, 1905 
At4g11890 
 
Protein kinase superfamily  
protein 
2 102, 1428 
At1g04960 
 
Protein of unknown function  
(DUF1664) 
2 1192, 1335 
At1g75170 
 
Sec14p-like phosphatidylinositol 
transfer family protein 
1 1620 
At2g45220 
 
Plant invertase/pectin  
methylesterase inhibitor  
superfamily 
2 319, 1781 
At5g37490 
 
ARM repeat superfamily  
protein 
1 1953 
At3g48640 
  1 81 
At5g24110 WRKY30 WRKY DNA-binding protein 30 1 1256 
At2g39980 
 
HXXXD-type acyl-transferase  
family protein 
1 561 
At2g29100 GLR2.9 glutamate receptor 2.9 1 779 
At1g47890 RLP7 receptor like protein 7 1 1798 
At1g79450 ALIS5 ALA-interacting subunit 5 3 1386, 1477, 
1635 
At3g47780 ATH6 ABC2 homolog 6 1 1522 
At3g57380 
 
Glycosyltransferase family 61  
protein 
3 202, 699, 1701 
     
The down-regulated genes 
AGI code Gene Annotation No. of TGACG Position 
At3g63160 
  
3 898, 1212, 
1252 
At1g20070 
  
1 1309 
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At4g30650 
 
Low temperature and salt responsive 
protein family 
2 198, 1198 
At3g20810 JMJD5 2-oxoglutarate (2OG) and 
Fe(II)-dependent oxygenase  
superfamily protein 
1 700 
At1g07050 
 
CCT motif family protein 3 1513, 1674, 
1929 
At1g29395 COR414-T
M1 
COLD REGULATED 314  
INNER MEMBRANE 1 
1 1758 
At5g58260 NdhN oxidoreductases, acting on NADH or 
NADPH, quinone or similar 
compound as acceptor 
1 1553 
At1g78995 
  
1 522 
At3g01440 PQL1 PsbQ-like 1 2 2, 1276 
At3g48360 BT2 BTB and TAZ domain protein 2 1 742 
At5g67480 BT4 BTB and TAZ domain protein 4 2 972, 1273 
At1g14150 PQL2 PsbQ-like 2 2 1412, 1821 
At5g51550 EXL3 EXORDIUM like 3 1 1416 
At3g05800 AIF1 AtBS1(activation-tagged BRI1  
suppressor 1)-interacting factor 1 
2 665, 868 
At2g05160 
 
CCCH-type zinc fingerfamily  
protein with RNA-binding domain 
1 1445 
At3g60290 
 
2-oxoglutarate (2OG) and 
Fe(II)-dependent oxygenase  
superfamily protein 
3 77, 239, 1559 
At2g45350 CRR4 Pentatricopeptide repeat (PPR)  
superfamily protein 
1 620 
At2g28900 OEP16-1 outer plastid envelope protein 16-1 1 744 
At5g13730 SIGD sigma factor 4 1 1211 
At5g17170 ENH1 rubredoxin family protein 1 862 
At3g62410 CP12-2 CP12 domain-containing protein 2 2 334, 1360 
At5g63810 BGAL10 beta-galactosidase 10 4 48, 1356, 
1362, 1536 
At1g64770 PnsB2 NDH-dependent cyclic electron flow 
1 
2 234, 950 
At1g75800 
 
Pathogenesis-related thaumatin  
superfamily protein 
1 804 
At2g16660 
 
Major facilitator superfamily protein 1 978 
At1g06080 ADS1 delta 9 desaturase 1 2 365, 458 
At1g04240 SHY2 AUX/IAA transcriptional regulator 
family protein 
1 396 
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At2g02450 NAC035 NAC domain containing protein 35 2 858, 1810 
At4g33470 hda14 histone deacetylase 14 2 182, 418 
At4g39040 
 
RNA-binding CRS1 / YhbY  
(CRM) domain protein 
2 637, 806 
At5g58660 
 
2-oxoglutarate (2OG) and 
Fe(II)-dependent oxygenase 
superfamily protein 
3 404, 879, 917 
At2g36390 SBE2.1 starch branching enzyme 2.1 3 9, 450, 1755 
At5g03720 HSFA3 heat shock transcription factor A3 2 1597, 1766 
At3g16250 PnsB3 NDH-dependent cyclic electron flow 
1 
1 415 
At1g19670 CORI1 chlorophyllase 1 2 249, 806 
At1g32470 
 
Single hybrid motif superfamily  
protein 
1 549 
At4g39710 PnsL4 FK506-binding protein 16-2 1 292 
At5g17860 CAX7 calcium exchanger 7 1 1101 
At5g52310 RD29A low-temperature-responsive protein 
78 (LTI78) / desiccation-responsive 
protein 29A (RD29A) 
2 104, 1827 
At5g62670 HA11 H(+)-ATPase 11 2 1430, 1597 
At1g67590 
 
Remorin family protein 1 1883 
At3g46970 PHS2 alpha-glucan phosphorylase 2 1 1052 
At5g24165 
  
1 624 
At1g19150 Lhca6 photosystem I light harvesting  
complex gene 6 
2 548, 1305 
At3g62630 
 
Protein of unknown function  
(DUF1645) 
2 645, 1148 
At5g44410 
 
FAD-binding Berberine family 
protein 
1 1778 
At1g07280 
 
Tetratricopeptide repeat (TPR)-like 
superfamily protein 
2 26, 1049 
At1g29390 COR413IM
2 
cold regulated 314 thylakoid  
membrane 2 
3 97, 1747, 1957 
At2g45600 
 
alpha/beta-Hydrolases superfamily 
protein 
1 1751 
At1g04620 HCAR coenzyme F420 hydrogenase family / 
dehydrogenase, beta subunit family 
2 660, 696 
At1g62780 
  
3 416, 458, 1431 
At5g05740 EGY2 ethylene-dependent 
gravitropism-deficient and 
yellow-green-like 2 
4 393, 987, 
1005, 1021 
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At5g06690 WCRKC1 WCRKC thioredoxin 1 3 187, 311, 378 
At3g19850 
 
Phototropic-responsive NPH3  
family protein 
1 1765 
At1g75900 
 
GDSL-like Lipase /Acylhydrolase 
superfamily protein 
1 1055 
At3g48420 
 
Haloacid dehalogenase-like hydrolase 
(HAD) superfamily protein 
1 712 
 
 
 
I examined the transcript levels of the 5 genes selected in tga10-1 and tga9-1 
mutants under the flg22 treatment.  MV was also used to mimic chloroplastic H2O2, 
thereby allowing us to determine whether the TGA factors act downstream of H2O2 
without the flg22 stimulus.  The q-PCR analysis revealed that the expression of all 5 
genes was increased in response to the flg22 and MV treatments at least in wild-type 
plants (Figure III-II-7).  The flg22-induced expression of all genes, except for UP, was 
significantly inhibited in the tga10 mutant.  In addition, the tga10 mutation also 
interfered with the MV-induced expression of ALIS5, DALL3, and GTF61, and strongly 
suppressed the CRK23 expression.  These results indicate that TGA10 act as a positive 
regulator of the expression of these genes downstream of flg22 and ROS.  In contrast, 
the lack of TGA9 had no significant effect on their expression.  Nevertheless, the 
expression of UP was facilitated and suppressed in tga9 under flg22 and MV treatments, 
respectively.   
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Figure III-II-7.  Expression of flg22-responsive genes in tga mutants.   
Two-week-old wild-type and mutant plants were sprayed with 1 µM flg22 or 100 µM MV for 3 
hours (maintained under normal light).  CRK23, ALIS5, UP, DALL3, and GTF61 transcript 
levels were analyzed by q-PCR.  The relative levels of the transcripts were normalized to Actin2 
mRNA.  Data are means ± SD of at least 3 individual experiments (≥ 20 plants for 1 experiment).  
Significant differences: *P < 0.05 vs. the value for wild-type plants.   
 
 
 
Discussion 
 
TGA10 and TGA9 were originally characterized to be required for anther 
development redundantly each other.  Although single mutants had no visible phenotype, 
anther development was previously shown to be defective in double mutant tga9 tga10 
plants, resulting in male sterility (Murmu et al., 2010).  Consistent with this finding, 
both TGA factors, especially TGA10, were mainly expressed in flowers, but not in leaves 
(Murmu et al., 2010).  However, I found that the expression of both clade IV TGAs in 
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leaves is strongly induced by the flg22 treatment and photooxidative stress (Figure 
III-II-5B), and also that the tga10 mutants are highly sensitive to the flg22 treatment 
(Figure III-II-2).  An expression analysis, shown in Figure III-II-6, indicated that 
chloroplast-derived and RbohD-produced ROS are involved in the induction of TGA10 
by the flg22 treatment.  Conclusively, I also found that TGA10 regulates the flg22- and 
MV-induced expression of putative target genes (Figure III-II-7).  Thus, several lines of 
evidence have provided a novel role for a clade IV TGA10 as regulators of 
ROS-mediated PTI.  Similarly, clade IV TGA9 was also transcriptionally induced by 
flg22 in a ROS-dependent manner.  Although the lack of this TGA had minor effect on 
the expression of flg22-inducible genes (Figure III-II-7), double knockout tga9 tga10 
mutants showed more sensitivity to flg22 than single knockout mutants (Figure III-II-3).  
These findings indicate that TGA9 has a significantly but minor contribution to the 
ROS-mediated PTI.  This might be explained by the fact that the expression of TGA9 
was less responsive to flg22 than that of TGA10.   
I previously reported that chloroplastic H2O2 activates the expression of a set of 
defense-related genes, and this was accompanied by the accumulation of SA, suggesting a 
role for chloroplastic ROS in the SA-dependent defense pathway (Maruta et al., 2012a; 
Noshi et al., 2012).  Therefore, I speculated that TGA10 may be involved in the 
ROS-SA pathway.  However, the lack of TGA10 had no effect on sensitivity to and the 
accumulation of SA upon the flg22 treatment (Figure III-II-2 and 4).  Furthermore, the 
expression of TGA10 was not influenced by the SA treatment (Figure III-II-5B).  These 
results demonstrate that the functions of TGA10 are completely independent of SA 
signaling.   
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In the present study, chloroplast-derived and RbohD-produced ROS were found to 
act as second messengers in the flg22-induced expression of TGAs.  It currently remains 
unclear whether both ROS signals act in the same pathway, and if so, which signal 
precedes the other.  As shown in Figure III-II-6C, the accumulation of H2O2 was 
transiently induced by flg22 treatment within 10 min in wild-type and mutant plants.  In 
addition, It was found that the lack of chloroplastic APX enzymes positively affected the 
flg22-induced H2O2 accumulation and its maintenance more than 10 min after the 
treatment (Figure III-II-6C).  Thus, the chloroplastic H2O2 begin to accumulate at an 
early stage of responses to flg22.  While, during PTI, ROS production by RbohD is one 
of the earliest responses and actually occurs within a few minutes of the initiation of the 
flg22 treatment (Zhang et al., 2007).  In present study, the flg22-induced H2O2 
accumulation was inhibited in rbohD mutant plant (Figure III-II-6C).  Based on these 
findings and results, it has been hypothesized that RbohD-dependent ROS production 
may precede chloroplastic-events for activation of oxidative burst by bacterial PAMP 
flg22.  In other words, some changes within chloroplasts may occur more slowly than 
RbohD-dependent events in PTI.  In fact, sapx tapx mutants accumulated more H2O2 
than wild-type plants at 3 h after the flg22 treatment (Figure III-II-6C).  Additionally, it 
has been reported that 1O2 and calcium started to increase approximately 10 minutes after 
the flg22 treatment (Nomura et al., 2012; Plancot et al., 2013).  By examining multiple 
mutants lacking chloroplastic APXs, RbohD, and/or CAS in future studies, I may be able 
to address this issue.   
I successfully identified 97 genes as putative targets of TGA10 by searching for 
the TGACG motif in the promoter regions of genes whose expression was regulated by 
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chloroplastic H2O2 and flg22 signals in the same direction (Table III-II-3).  It has yet to 
be determined whether TGA10 directly binds to the promoters and regulates their 
transcription.  However, TGA10 was found to be necessary for the expression of CRK23, 
ALIS5, DALL3, and GTF61 under the flg22 treatment (Figure III-II-7).  Similar results 
were obtained in MV-treated plants.  These results suggest that TGA10 positively 
regulates the expression of these genes under the flg22 treatment, and that TGA10 can act 
downstream of chloroplastic H2O2 without the flg22 stimulus.  In contrast to this view, 
the flg22-sensitive phenotype of tga10 implied that the transcription factor acted as a 
negative regulator of flg22-induced growth suppression.  This discrepancy indicates that 
TGA10 can act as both a positive and negative regulator and may depend on the target 
genes.  Indeed, clade II TGA factors have been shown to act as both positive and 
negative regulators of the expression of their target genes in a manner that is dependent 
on intracellular SA levels (Zhang et al., 2003; Rochon et al., 2006; Seyfferth and Tsuda, 
2014).  To reveal the contribution of TGA to flg22 response, detailed analyses will be 
interesting for understanding the function of these candidate genes in responses to PAMP.  
To date the physiological function of candidate genes is still poorly unknown including 
the role in PTI.  Among them, CRK23, which has PFAM domain PF01657, belongs to a 
family of cysteine-rich receptor kinases (CRK).  Several members of the CRK 
subgroups are involved in the regulation defence reactions to virulent bacterial pathogen 
and cell death in Arabidopsis leaves (Chen et al., 2003a; Acharya et al., 2007).  A recent 
comprehensive phenotypic analysis of the entire CRK gene family by Bourdais et al. 
(2015) revealed that the lack of CRK23 elevated flg22-induced ROS production and 
stomatal closure.  Furthermore, the crk23 mutants were highly susceptible to ozone 
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exposure, but showed reduced electrolyte leakage compared to wild-type plants after 
simultaneous vacuum infiltration of xanthine and xanthine oxidase, which generated 
extracellular superoxide (Bourdais et al., 2015).  These findings indicate that CRK23 
may play a role in the production site-specific ROS-mediated responses to oxidative 
stress and/or pathogen stimuli.   
In conclusion, the results of the present study reveal that TGA10 plays a role in 
ROS-mediated responses to bacterial PAMP flg22 in leaf cells.  Phenotyping and 
expression analyses allowed us to imply that TGA9 has a similar function to TGA10 in 
PTI, but the present study is not sufficient to determine that the clade IV TGAs, TGA10 
and TGA9, work together in the same pathway.  However, considering the fact that 
TGA9 plays a redundant role with TGA10 in anther development (Murmu et al., 2010), 
this transcription factor may have a small contribution.  The functions of TGA10 and 9 
in anther development may be modulated by two plant-specific CC-type glutaredoxins 
(ROXYs), ROXY1 and 2, and is supported by the following observations: 1) the male 
gametogenesis-defect phenotype in the tga9 tga10 double mutant was similar to that in a 
double mutant lacking both ROXYs, and 2) both glutaredoxins directly interacted with 
TGA9 and 10 in the nucleus (Murmu et al., 2010).  Furthermore, all TGA factors 
analyzed to date, except for TGA9 and 10, are known to interact with the BTB/POZ 
domain-containing protein NPR1 or NPR1-like proteins (Gatz, 2013; Zhou et al., 2000; 
Després et al., 2003; Dong, 2004; Hepworth et al., 2005; Shearer et al., 2009).  Further 
studies are warranted in order to determine whether these factors are also involved in 
ROS-mediated PTI with the clade IV TGA(s).   
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CHAPTER IV 
 
Regulation of cellular redox states by dehydroascorbate reductases  
under photooxidative stress in Arabidopsis 
 
Introduction 
 
As mentioned chapter I, ascorbate-glutathione cycle is contributes to the 
modulation of cellular redox states and is distributed to the cytosol, chloroplasts, 
mitochondria, and peroxisomes (Asada, 1999; Shigeoka et al., 2002; Chew et al., 2003; 
Gallie, 2013; Shigeoka and Maruta, 2014).  In this cycle, DHAR catalyzes the reduction 
of DHA to AsA using reduced GSH as an electron donor, indicating that DHAR isoforms 
act as an crucial modulator of redox homeostasis in plant cells.  The physiological role 
of DHAR has been well characterized using a reverse genetic approach in tobacco (Gallie, 
2013).  The overexpression of a wheat cytosolic DHAR markedly enhances ascorbate 
levels and its redox states (AsA/AsA + DHA) in tobacco plants (Chen et al., 2003b).  In 
contrast, the knockdown of cytosolic DHAR (co-suppression) through the introduction of 
DHAR cDNA under the control of the 35S promoter has the opposite effect (Chen and 
Gallie, 2006); however, it should be noted that this method also suppresses the expression 
of chloroplastic DHAR as well as cytosolic DHAR proteins (Chen and Gallie, 2008).  
Thus, ascorbate recycling via DHAR is one of the rate-limiting steps regulating the 
ascorbate pool size and its redox states in tobacco.  Furthermore, using these transgenic 
tobacco plants, it has been also demonstrated that DHAR is required for photosynthesis, 
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growth and development, and oxidative stress tolerance (Chen and Gallie, 2004, 2006, 
2008).  Interestingly, DHAR has a negative effect on stomata closure by modulating 
H2O2 levels in the guard cells of tobacco, and, thus, its knockdown enhances drought 
tolerance in tobacco (Chen and Gallie, 2004).  These findings demonstrate the 
physiological importance of DHAR under abiotic stresses in tobacco plants.  The 
positive effects of the overexpression of DHAR on the levels and redox states of 
ascorbate and on tolerance to various types of stresses have also been reported in many 
plant species (Gallie, 2013).  However, only a few studies have examined the prominent 
physiological role(s), such as the contribution to ascorbate recycling and stress response, 
of DHAR isoforms in other plant species including Arabidopsis using a reverse genetic 
approach.   
Arabidopsis plants contain three functional genes that encode DHAR: DHAR1 
(At1g19570), DHAR2 (At1g75270), and DHAR3 (At5g16710).  Although there are two 
more DHAR-like genes (At5g36270 and At1g19950), they have been suggested to be 
pseudogenes (Dixon and Edwards, 2010).  Among them, only DHAR3 is predicted to be 
a chloroplastic isoform by proteomics analyses (Kleffmann et al., 2004; Ferro et al., 
2010).  DHAR2 appeared to be distributed in the cytosol (Yoshida et al., 2006).  
Recent proteomic and bio-imaging analyses indicated that DHAR1 was localized to 
peroxisomes without a known peroxisome-targeting signal (Reumann et al., 2009).  In 
contrast, DHAR1 fused with the EosFP, a fluorescent protein, was found to be localized 
in the cytosol (Grefen et al., 2010).  Thus, DHAR1 is found in multiple subcellular 
organelles.   
In this chapter, the comprehensive reverse genetic analysis using knockout 
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mutants of each DHAR respectively was coordinated, and the physiological function of 
Arabidopsis DHAR isoforms in modulation of cellular redox states and responses to 
photooxidative stress was discussed.   
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Section IV-I 
 
Arabidopsis dehydroascorbate reductase 1 and 2 modulate redox states of 
ascorbate-glutathione cycle in cytosol in response to photooxidative stress 
 
Introduction 
 
In Arabidopsis, overexpression of DHAR1 increased ascorbate content and the 
redox state, and enhanced tolerance against heat and MV, a ROS generator (Wang et al., 
2010).  Consistent with the report, ascorbate recycling via DHAR enzyme also 
contributes to stress tolerance in Arabidopsis, likely in tobacco plants.  Previously, 
Yoshida et al. (2006) reported that disruption of DHAR2 affected ascorbate redox state 
but not pool size, and increased ozone sensitivity.  In contrast, although the lack of 
DHAR1, another cytosolic isoform of Arabidopsis DHAR, inhibits promotion of growth 
and seed production by the presence of Piriformospora indica, an endophytic fungus of 
Sebacinales (Vadassery et al., 2009), the levels and redox states of antioxidants, including 
ascorbate and glutathione, in DHAR1 null Arabidopsis mutants are still unknown.  Thus, 
further studies are warranted in order to determine that DHAR1 contributes to ascorbate 
recycling-mediated responses to stress.   
In this section, I attempted to elucidate the expression and physiological role in 
DHAR1 and DHAR2.  It was indicated that DHAR1 functions as a major DHAR in 
Arabidopsis cells and the one of main regulator of both ascorbate and glutathione redox 
  114
states under photooxidative stress.   
 
 
Materials and Methods 
 
Plant materials and growth conditions 
Arabidopsis thaliana ecotype Col-0 was used as the wild-type plant.  T-DNA 
insertion lines of DHAR1 (dhar1-1: SALK_029966, and dhar1-2: SALK_008446) and 
DHAR2 (dhar2-1: SALK_026089) were obtained from the Arabidopsis Biological 
Resource Center.  A double mutant lacking DHAR1 and DHAR2 (dhar1-1 dhar2-1) was 
generated by crossing dhar1-1 and dhar2-1 single mutants.  The surface-sterilized seeds 
of the wild type and mutants were cold-treated at 4°C for 2–3 days before germination.  
Plants were grown on MS medium containing 3% (w/v) sucrose under 23°C during 16 h 
of light (100 µmol photons m-2 s-1) and at 20°C during 8 h of darkness.  Two-week-old 
plants were exposed to excess light (1,000 or 1,500 µmol photons m-2 s-1) or treated with 
50 µM MV solution containing 0.1% (v/v) Tween-20 under growth light.  For growth on 
soil, ten-day-old seedlings were potted in soil and grown in the same growth chamber.  
The collection of control (non-stressed) samples and application of stress were performed 
4 h after illumination.   
 
Quantitative Real-Time PCR analysis 
Total RNA was isolated from the leaves of Arabidopsis according to section III-II. 
First strand cDNA was synthesized using ReverTra Ace reverse transcriptase (TOYOBO, 
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Osaka, Japan) with an oligo dT primer.  Gene-specific primer pairs for the q-PCR were 
designed using PRIMER EXPRESS software (Applied Biosystems, California, USA).  
Primer sequences were as follows; DHAR1-qF (5ʹ-CGGCGACTGTCCGTTCAG-3ʹ), 
DHAR1-qR (5ʹ-TCAGATGGATTTTGTAGGTAAGACTCTTC-3ʹ), DHAR2-qF 
(5ʹ-GTTTGAGAACACCAAGGCTAAGAAAG-3ʹ), DHAR2-qR 
(5ʹ-TCACGCATTCACCTTCGATTC-3ʹ), DHAR3-qF 
(5ʹ-AGGGTTGGCCGGTTTGTTAC-3ʹ), DHAR3-qR 
(5ʹ-ATAGAAGCTTTAACGCAGATTTCAAGAG-3ʹ), Actin2-qF 
(5ʹ-GGTGGTTCCATTCTTGCTTCCC-3ʹ), and Actin2-qR 
(5ʹ-TCATACTCGGCCTTGGAGATCC-3ʹ).  q-PCR was performed with a LightCycler® 
96 System using the FastStart Universal SYBR Green Master (ROX) (Roche, Basel, 
Switzerland).  Actin2 mRNA was used as an internal standard in all experiments.  
q-PCR data were obtained from more than three biological replicates (more than ten 
plants and three experimental replicates were used for one biological replicate).   
 
Enzyme assay   
DHAR activity was measured according to Shigeoka et al. (1980) with minor 
modifications.  Arabidopsis leaves (0.2 g) were homogenized with 400 µL of 50 mM 
potassium phosphate (pH 7.5) containing 1 mM EDTA and 10% (w/v) D-sorbitol.  After 
centrifugation (20,000 x g) for 20 min at 4°C, the supernatant was used to analyze 
enzymatic activity.  The extract (20 µL) was added to 1 mL of reaction mixture 
containing 50 mM potassium phosphate (pH 7.5), 2 mM GSH, and 1 mM DHA, 0.2 mM 
NADPH, and 1 unit GR.  GSH-dependent DHA reduction was assayed 
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spectrophotometrically at 340 nm.  MDAR activity was measured according to Eltayeb 
et al. (2007) with minor modifications.  Arabidopsis leaves (0.2 g) were homogenized 
with 400 µL of 50 mM potassium phosphate (pH 7.5) containing 0.2 mM EDTA, 10 mM 
2-mercaptoethanol, and 1% (w/v) D-sorbitol.  After centrifugation (20,000 x g) for 20 
min at 4°C, the supernatant was used to analyze enzymatic activity.  The extract (20 µL) 
was added to 1 mL of reaction mixture containing 100 mM potassium phosphate (pH 7.5), 
1 mM AsA, and 0.2 mM NADH.  The reaction was started by the addition of 0.2 unit 
AsA oxidase after a pre-incubation for 2 min.  The decrease in absorbance at 340 nm 
was monitored and the activity was calculated using absorbance coefficient of 6.2 mM-1 
cm-1.  GR activity was measured according to Foyer and Halliwell (1976).   
 
Measurement of oxidants and antioxidants 
The measurement of ascorbate was carried out as described previously (Maruta et 
al., 2012a).  AsA and DHA levels were determined spectrophotometrically using 
ascorbate oxidase.  Arabidopsis leaves (0.2 g) frozen in liquid N2 were ground using a 
mortar and pestle with 2.5 mL of 6% (v/v) HClO4 and centrifuged at 20,000 x g for 10 
min at 4°C.  In order to measure AsA, a 100-µL aliquot of the obtained leaf extract was 
added directly to 900 µL of a 200 mM succinate buffer (pH 12.7, adjusted with NaOH) in 
the spectrophotometer.  The final pH was very near 6.0.  AsA was determined by a 
change in absorbance at 265 nm following the addition of 5 units of AsA oxidase.  In 
order to determine total ascorbate, 700 µL of the leaf extract was adjusted to pH 6.0 with 
K2CO3 and this was followed by the addition of dithiothreitol, dissolved in 50 mM 
HEPES-KOH buffer (pH 7.5), to a final concentration of 10 mM.  The resulting solution 
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was incubated in darkness at 25°C for 30 min.  After centrifugation for 15 min at 20,000 
x g (4°C), the supernatant was assayed as described above.  The amount of DHA was 
determined as the difference between these two assays.  The measurement of glutathione 
was according to Shigeoka et al. (1987).   
The thiobarbituric acid test, which determines the amount of MDA as an 
end-product of lipid peroxidation, was used to analyze lipid oxidation, as described in 
section III-I.  H2O2 accumulation was quantified using Amplex red hydrogen 
peroxide/peroxidase assay kit (Molecular Probes; Eugene; Oregon; USA) according to 
section III-II.   
 
Measurement of chlorophyll fluorescence 
Chlorophyll fluorescence was measured according to Maruta et al. (2010), as 
described above chapter II.   
 
Data analysis 
The statistical analysis of data was based on Student’s t-tests.  Calculations were 
performed on more than 3 independent biological replicates.  In all experiments, except 
for the measurement of chlorophyll fluorescence, leaves (from > 20 seedlings) were 
pooled and used for 1 biological replicate.   
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Results 
 
Transcript levels of DHARs increased under photooxidative stress conditions 
To clarify the expression of DHAR isoforms under photooxidative stress in 
Arabidopsis leaves, two-week-old wild-type plants were exposed to HL at 1,000 µmol 
photons m-2 s-1 or treated with 50 µM MV for 6 h.  The transcript levels of all DHARs 
were increased by these photooxidative stress treatments (Figure IV-I-1).  The 
transcript levels of DHAR1 were markedly higher than those of other DHARs under both 
before and after the treatments.  Previously, Vadassery et al. (2009) indicated that the 
transcript level of DHAR1 was higher than that of other DHAR isoforms in Arabidopsis 
roots on the basis of previous microarray data.  Additionally, Yoshida et al., (2006) 
reported that the transcript level of DHAR2 was relatively lower than that of the other 
DHAR genes.  These data suggest that DHAR1 may act as a major DHAR in plant cells 
under normal and stress conditions, including photooxidative stress.  
 
 
 
Figure IV-I-1.  Expression of DHAR isoforms under normal and HL.   
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Two-week-old Arabidopsis wild-type plants were subjected to HL (1,000 µmol photons m-2 s-1) or 
the treatment with MV (50 µM) under normal light for the indicated period.  Transcript levels of 
DHAR1, DHAR2, and DHAR3 were analyzed by q-PCR.  Data are means ± SD for more than 3 
biological replicates.   
 
 
 
Levels and redox states of ascorbate and glutathione in dhar1 mutants 
I obtained two T-DNA insertion lines, dhar1-1 (SALK_029966) and dhar1-2 
(SALK_008446).  A T-DNA insertion occurred in the third exon of the DHAR1 gene in 
the dhar1-1 mutant, and just before the transcription start site in the dhar1-2 mutant 
(Figure IV-I-2A).  The sites of T-DNA insertion for these mutants were confirmed by 
sequencing of genomic DNA extracted from the mutants (data not shown).  q-PCR 
analysis revealed that these mutants had null or little expression of DHAR1 (Figure 
IV-I-2B).  Total DHAR activity in 2-week-old dhar1-1 and dhar1-2 seedlings grown 
under normal conditions was 22.4 and 43.2% that of the wild-type plants, respectively, 
demonstrating that DHAR1 is the predominant enzyme in Arabidopsis plants (Figure 
IV-I-2C).  Total MDAR activity was slightly but significantly increased only in dhar1-1 
probably to compensate for the null mutation (Figure IV-I-2D).   
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Figure IV-I-2.  Characterization of T-DNA insertion lines lacking DHAR1.   
(A) Molecular structure and T-DNA insertion sites of the DHAR1 (dhar1-1: SALK_029966, 
dhar1-2: SALK_008446) gene.  T-DNA insertion sites are indicated with triangles, and black and 
white boxes represent coding and non-coding regions, respectively.  (B-D) Wild-type and dhar1 
mutant plants were grown under normal conditions for 2 weeks.  (B) Transcript levels of DHAR1 
and ActinII were analyzed by q-PCR.  (C) Total DHAR activity.  (D) Total MDAR activity.  
Data are means ± SD for more than 3 biological replicates.  Significant differences: *P < 0.05 vs. 
the value for wild-type plants.   
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To determine the physiological role of DHAR1 in the regulation of ascorbate and 
glutathione redox states, 2-week-old wild-type and mutant plants were exposed to HL.  
When subjected to this stress for 9 h, although all of them had slightly wilting leaves, the 
phenotypes of the dhar1 mutant plants were similar to those of the wild-type plants 
(Figure IV-I-3).  Before and 1 h after HL, the ascorbate redox states (AsA/AsA + DHA) 
in dhar1 mutants were significantly lower than those in the wild type (Figure IV-I-4B).  
This provides genetic evidence for the role of DHAR1 in ascorbate recycling.  However, 
no significant difference was observed in ascorbate redox states at more than 3 h in the 
wild type and mutants.  Importantly, although the levels of ascorbate were enhanced in 
the wild type at 6 and 9 h after HL, this increase was significantly inhibited in dhar1-1 
and dhar1-2 mutants (Figure IV-I-4A), suggesting that DHAR1 is essential for 
maintenance of ascorbate pool size under HL.   
 
 
 
Figure IV-I-3.  The phenotypes of dhar1 mutant plants under HL 
Two-week-old Arabidopsis wild-type and dhar1 mutant plants were exposed to HL (1,000 µmol 
photons m-2 s-1) for 9 h.  The same results were obtained from more than three independent 
experiments.   
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Figure IV-I-4.  Levels and redox states of ascorbate and glutathione in dhar1 mutants 
under HL. 
Two-week-old wild-type and dhar1 mutant plants were subjected to HL (1,000 µmol photons m-2 
s-1).  (A) Total ascorbate levels, (B) ascorbate redox states (AsA/AsA + DHA), (C) total 
glutathione levels, and (D) glutathione redox states (GSH/GSH + GSSG) were measured and 
calculated.  Data are means ± SD for more than 6 biological replicates.  Significant differences: 
*P < 0.05 vs. the value for wild-type plants.   
 
 
Similar to ascorbate levels, total glutathione levels were increased by HL in all 
genotypes.  This increase was peaked at 3 h and then decreased in wild type, but was 
maintained for more than 6 h after HL in dhar1 mutants (Figure IV-I-4C).  In wild-type 
plants, the glutathione redox states (GSH/GSH + GSSG) were decreased in response to 
HL (Figure IV-I-4D).  However, this decrease in the glutathione redox states under HL 
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was significantly suppressed in dhar1 mutants, especially in dhar1-1.  Furthermore, 
there was no difference in GR activity among the wild type and dhar1 mutants both 
before and after HL exposure (Figure IV-I-5).  These findings indicate that DHAR1 
contributes to oxidize GSH under HL.   
 
 
Figure IV-I-5.  GR activity in dhar1 mutants.  
Two-week-old wild-type and dhar1 mutant plants were subjected to HL (1,000 µmol photons m-2 
s-1).  GR activity in plants was measured.  Data are means ± SD for more than 3 biological 
replicates.   
 
 
 
Photooxidative stress sensitivity of dhar1 mutants 
To examine the effects of the dhar1 mutations on cellular oxidative damage, I 
investigated maximum quantum yield of photosystem II (Fv/Fm) by measuring 
chlorophyll fluorescence in the wild type and dhar1 mutants under HL.  After HL 
exposure, Fv/Fm decreased in all genotypes; however, this decrease was significantly 
enhanced in the dhar1-1 (Figure IV-I-6A).  Similar effect seemed to be observed in the 
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knockdown dhar1-2, though it lacked statistical significance.  In addition, MDA levels 
in the wild type were not altered by HL.  However, they were increased significantly in 
dhar1 mutants (Figure IV-I-6B).  Therefore, I analyzed intracellular levels of H2O2 in 
the leaves of wild-type and dhar1 mutant plants under photooxidative stress using 
Amplex Red reagent, a highly sensitive and stable probe for H2O2.  As shown in Figure 
IV-I-6C, dhar1-1 mutant plants significantly accumulated more H2O2 than those of wild 
type at 6 h after exposure to HL.  These results suggest that DHAR1 is important for 
protecting cells from photooxidative damage.  Actually, when exposed to extreme HL 
(eHL) at 1,500 µmol photons m-2 s-1 with high temperature (40°C) for 6 h, both dhar1 
mutants showed stronger visible symptoms than wild-type plants (Figure IV-I-7).  The 
sensitivity of dhar1 mutants to such extreme light was not due to a decrease in 
thermotolerance, because neither mutant was sensitive to heat stress only (Figure IV-I-8).  
Moreover, dhar1 mutants were highly sensitive to the treatment with 50 µM MV under 
growth light.  These results demonstrate that DHAR1 plays a pivotal role in 
photooxidative stress tolerance through cellular redox regulation in Arabidopsis.   
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Figure IV-I-6.  Oxidative damage in dhar1 mutants under HL.   
Two-week-old wild-type and dhar1 mutant plants were subjected to HL (1,000 µmol photons m-2 
s-1).  (A) Fv/Fm in the leaves was determined after dark adaptation for 20 min, as described in 
Materials and Methods.  (B) Lipid hydroperoxide contents were determined by measuring MDA.  
(C) H2O2 accumulation was quantified.  Data are means ± SD for more than 3 biological 
replicates.  Significant differences: *P < 0.05 vs. the value for wild-type plants.   
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Figure IV-I-7.  Sensitivity of dhar1 mutants to photooxidative stresses.   
Two-week-old Arabidopsis wild-type and dhar1 mutant plants were exposed to eHL (1,500 µmol 
photons m-2 s-1) or sprayed with 50 µM MV.  Plants were photographed (A) before stress 
application (B) 6 h after eHL irradiation and (C) 48 h after the MV treatment.  The same results 
were obtained from more than three independent experiments. 
 
 
 
Figure IV-I-8.  Sensitivity of dhar1 mutants to heat stresses.   
(A and B) In the basal thermotolerance test, 5-day-old seedlings of wild-type and dhar1 mutant 
plants were exposed to a high temperature of 44ºC for (A) 30 min or (B) 60 min in the dark.  (C) 
In the acquired thermotolerance test, 5-day-old seedlings were exposed to a pre-conditioning heat 
treatment of 37ºC for 1 h in the dark.  After the treatment, plants were incubated at 25ºC for 2 h, 
and then re-exposed to a high temperature of 44ºC for 3 h in the dark.  The heat-treated seedlings 
were returned to normal conditions for 7 days.  The same results were obtained from two 
independent experiments.   
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Levels and redox states of ascorbate and glutathione in cytosolic dhar mutants grown 
on soil 
To elucidate the importance of Arabidopsis cytosolic DHAR isoforms in 
photooxidative stress response in more detail, I obtained and used a T-DNA insertion 
Arabidopsis mutant of DHAR2.  Total DHAR activity in the mutant (dhar2-1: 
SALK_026089) was approximately 92% that in wild-type leaves, although this mutant 
had little expression level of DHAR2 (Figure IV-I-9).  Similar to dhar1-1 mutant, total 
MDAR activity in dhar2-1 mutant was significantly increased (Figure IV-I-9).   
 
 
Figure IV-I-9.  Characterization of T-DNA insertion line lacking DHAR2.   
(A) Molecular structure and T-DNA insertion site of the DHAR2 (dhar2-1: SALK_026089) gene.  
T-DNA insertion site is indicated with triangle, and black and white boxes represent coding and  
non-coding regions, respectively.  (B-D) Wild-type and dhar2-1 mutant plants were grown under 
normal conditions for 2 weeks.  (B) Transcript levels of DHAR2 and ActinII were analyzed by 
q-PCR.  (C) Total DHAR activity.  (D) Total MDAR activity.  Data are means ± SD for more 
than 3 biological replicates.  Significant differences: *P < 0.05 vs. the value for wild-type plants.   
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To clarify the physiological roles of cytosolic DHAR isoforms in modulation of 
ascorbate and glutathione under photooxidative stress conditions, dhar1-1 and dhar2-1 
mutant plants were grown on soil.  No significant difference was observed in growth 
between wild type and these DHAR knockout mutants, dhar1-1 and dhar2-1.  It was 
confirmed that these dhar mutants had lower DHAR activity even under HL (Figure 
IV-I-10).  The HL irradiation decreased the DHAR activity of dhar1 mutants, whereas 
that of wild-type plants was increased under the HL.  Furthermore, the lack of DHAR2 
significantly inhibited the enhancement of DHAR activity by HL irradiation.  These 
results indicate that both Arabidopsis cytosolic DHAR isoforms, especially DHAR1, are 
required for the HL response.  At 6 h after exposure to HL, the levels of total ascorbate 
increased in wild type and these dhar mutants, but levels were much lower in dhar1-1 
than wild type and dhar2-1 (Figure IV-I-11A).  Moreover, the lack of DHAR1 and 
DHAR2 had no detectable effect on the ascorbate redox states under the stress conditions 
(Figure IV-I-11B).  As shown in Figure IV-I-11C, HL exposure caused the total 
glutathione levels to increase in all genotypes, but levels were also much higher in 
dhar1-1 than the others.  In addition, glutathione redox states was significantly higher in 
the dhar1-1 and dhar2-1 mutant plants than that of the wild-type plants under the HL 
(Figure IV-I-11D).  These results revealed that not only DHAR1 but also DHAR2 are 
required for glutathione oxidation under photooxidative stress conditions.  Thus, it 
seems likely that both DHAR1 and DHAR2 have a contribution to response to excess 
light. 
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Figure IV-I-10.  DHAR activity in dhar mutants grown on soil under HL.   
Three-week-old wild-type, dhar1-1, and dhar2-1 mutant plants grown on soil were exposed to HL 
(1,000 µmol photons m-2 s-1).  Total DHAR activity in plants was measured.  Data are means ± 
SD for more than 3 biological replicates.  Significant differences: *P < 0.05 vs. the value for 
before HL exposure.   
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Figure IV-I-11.  Levels and redox states of ascorbate and glutathione in dhar1 and dhar2 
mutants grown on soil.   
Three-week-old wild-type, dhar1-1, and dhar2-1 mutant plants grown on soil were exposed to HL 
(1,000 µmol photons m-2 s-1).  (A) Total ascorbate levels, (B) ascorbate redox states (AsA/AsA + 
DHA), (C) total glutathione levels, and (D) glutathione redox states (GSH/GSH + GSSG) were 
measured and calculated.  Data are means ±  SD for more than 3 biological replicates.  
Significant differences: *P < 0.05 vs. the value for wild-type plants.   
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Sensitivity to photooxidative stresses in cytosolic dhar mutants grown on soil 
To check the sensitivity of these mutants to photooxidative stress under the 
condition, 3-week-old wild-type, dhar1-1, and dhar2-1 plants were subjected to eHL.  
At 6 h after eHL exposure, dhar1-1 mutant plants exhibited a more sensitive phenotype 
than that of the wild-type plants (Figure IV-I-12A).  In addition, Fv/Fm decreased 
significantly in the dhar1-1 mutant plants compared with the wild-type plants under eHL 
(Figure IV-I-12B).  The decrease in the Fv/Fm by the eHL exposure was also prominent 
in dhar2-1 than that of the wild-type plants, whereas phenotypes of these mutants were 
similar to each other under the condition.  To clarify the contribution of cytosolic DHAR 
to photooxidtive stress tolerance, I generated a double mutant lacking both DHAR1 and 
DHAR2, dhar1-1 dhar2-1.  This mutant contained no transcript of the respective genes 
(data not shown).  Total DHAR activity in 3-week-old this mutant grown on soil was 
33% that of the wild-type plants, while the activity of dhar1-1 and dhar2-1 mutants was 
approximately 37 and 70% that of the wild type, respectively (Table IV-I-1).  Similarly 
to dhar1-1 mutant plants, a high sensitivity of the dhar1-1 dhr2-1 mutant plants to eHL 
exposure was visibly observed (Figure IV-I-12A).  When eHL irradiated plants were 
shifted to normal light condition, Fv/Fm of them was recovered to normal value at 18 h 
after the treatment; however, this recovery of Fv/Fm after eHL irradiation was not 
sufficient in dhar1-1 dhar2-1 (Figure IV-I-12B).  Thus, this double mutant is more 
sensitive than the parental single-mutant strains to eHL exposure.  In addition, H2O2 
accumulation under eHL was more increased in dhar mutants than in wild-type plants 
(Figure IV-I-12C).  These results indicate that both DHAR1 and DHAR2 are required 
for tolerance to light-induced oxidative stress.   
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Figure IV-I-12.  Photooxidative stress sensitivity of dhar mutants grown on soil.   
Three-week-old wild-type, dhar1-1, dhar2-1, and dhar1-1 dhar2-1 mutant plants grown on soil 
were exposed to eHL (1,500 µmol photons m-2 s-1).  (A) Plants treated with eHL were 
photographed.  (B) Fv/Fm in the leaves was determined after dark adaptation for 20 min, as 
described in Materials and Methods.  (C) H2O2 accumulation was measured.  Data are means ± 
SD for more than 3 biological replicates.  Significant differences: *P < 0.05 vs. the value for 
wild-type plants.   
 
 
 
 
 
 
 
 
  133
Table IV-I-1.  Characterization of dhar1 dhar2 double mutant.   
A double knockout mutant of DHAR1 and DHAR2 was generated by crossing dhar1-1 and 
dhar2-1.  Wild-type, dhar1-1, dhar2-1, and dhar1-1 dhar2-1 mutant plants were grown on soil 
for 3 weeks.  Total DHAR activity in plants was measured.  Data are means ± SD for more than 
3 biological replicates.  Significant differences: *P < 0.05 vs. the value for wild-type plants.   
 
 
 
Discussion 
 
I here investigated the physiological roles of Arabidopsis DHAR1 using its 
knockout and knockdown mutants.  Total DHAR activity in the leaves of the null 
mutants of DHAR1 was reduced to approximately 25% and 37% of the control values 
when growing on MS medium and soil, respectively (Figure IV-I-2C and Table IV-I-1), 
demonstrating that DHAR1 is dominant among the three ascorbate recycling enzymes in 
Arabidopsis leaves.  Consistent with this result, I reported that the DHAR3 knockout 
Arabidopsis mutant, dhar3, contained one-fourth of wild-type total DHAR activity 
(Noshi et al., 2016).  Moreover, the DHAR activity of dhar2 mutants grown on MS 
medium was approximately 90% that of the wild type (Figure IV-I-9).  In contrast, 
Yoshida et al. (2006) showed that an Arabidopsis null mutant lacking DHAR2 had 
approximately 30% the DHAR activity of the control plants.  This discrepancy may 
have been due to a difference in growth conditions; plants were grown on MS medium in 
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this study, but on rock wool in the previous study (Yoshida et al., 2006).  In this study, 
the DHAR activity of dhar2 mutants grown on soil was approximately 70% that of the 
wild type (Table IV-I-1).  The results provide a possibility that the ratio of DHAR 
activity of each DHAR isoform from Arabidopsis to the total activity was depended on 
nutrients and cultivation conditions, and the ratio of DHAR2 activity might be increased 
under low-nutrient conditions.  Under my experimental conditions, the transcript levels 
of DHAR1 might be higher than those of other isoforms both before and after stress 
application in leaves (Figure IV-I-1).  Likewise, Yoshida et al. (2006) showed that the 
expression level of DHAR2 was relatively lower than that of the other DHARs.  
Furthermore, a comparative enzymological analysis using recombinant proteins revealed 
that the DHA reduction activity of DHAR1 is approximately 8-fold higher than that of 
DHAR2 (Dixon et al., 2002).  These findings supported my conclusion that DHAR1 
accounts for the majority of DHAR activity in Arabidopsis leaves at least under my 
experimental conditions.   
The lack of DHAR1 negatively affected the redox states of ascorbate before and 
at 1 h after HL (Figure IV-I-4B).  In addition, at more than 6 h after HL, the level of 
total ascorbate in dhar1 was lower than that in wild-type plants (Figure IV-I-4A).  This 
was consistent with previous findings that were obtained using DHAR-suppressed 
tobacco plants (Chen and Gallie, 2008).  Therefore, DHAR1 plays a role in regulating 
the ascorbate pool size through its recycling.  However, at more than 3 h after HL, no 
significant difference was observed in ascorbate redox states between the wild type and 
dhar1 mutants.  Since total MDAR activity was actually increased in dhar1-1 mutant 
(Figure IV-I-2D), this may have been due to a degree of compensation by MDAR and/or 
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residual DHAR isoform(s).  Although GSH can chemically reduce DHA to AsA (Foyer 
and Mullineaux, 1998), this reaction would not have been involved in ascorbate recycling 
in the dhar1 mutants because the accumulation of GSSG was inhibited in the mutants 
(Figure IV-I-4D).  Importantly, enhanced MDAR activity was insufficient to maintain 
the ascorbate pool size in dhar1-1 mutant under HL (Figure IV-I-4A), suggesting that 
high ascorbate redox states at the early stage of photooxidative stress by the DHAR1 
action is important for maintaining its pool size at the late stage.   
An increase in the total levels and oxidation of glutathione are typical responses 
observed in plants exposed to oxidative stress.  For example, mutants lacking catalase 2 
(cat2), a predominant catalase in Arabidopsis, accumulate glutathione, especially in its 
oxidized form (Mhamdi et al., 2010).  Increases in the levels and oxidation of 
glutathione are also strongly enhanced in Arabidopsis mutants lacking stromal and 
thylakoid membrane-associated APXs (chlAPXs) (Maruta et al., 2010).  Recent findings 
have revealed that the levels and redox states of glutathione play significant roles in the 
redox-based regulation of stress acclimation, hormonal signaling, and growth and 
development (Noctor et al., 2011, 2012; Garcia-Gimenez et al., 2013).  Similar to these 
mutants, dhar1 accumulated higher levels of glutathione under excess light conditions 
(Figure IV-I-4C and Figure IV-I-11C).  Therefore, this was attributed to an increase in 
cellular oxidative damage in the mutants.  In fact, high-light-induced H2O2 accumulation 
was increased in dhar1 mutant plants (Figure IV-I-6C and Figure IV-I-12C).  
Interestingly, the accumulation of GSSG was significantly suppressed in dhar1 mutants 
without GR activation (Figure IV-I-4D and Figure IV-I-5), unlike cat2 and chlapx 
mutants (Queval et al., 2007; Maruta et al., 2010).  These results indicate that the 
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reduced accumulation of GSSG in dhar1 mutants was due to a decrease in the glutathione 
oxidation reaction.  In this study, the dhar2 mutation also inhibited glutathione oxidation 
under excess light and slightly increased photooxidative stress sensitivity (Figure 
IV-I-11D and Figure IV-I-12).  Based on these results, I consider that DHAR isoforms 
play a crucial role in glutathione oxidation under photooxidative stress conditions.  This 
was supported by transgenic tobacco plants that overexpress DHAR accumulating higher 
amounts of GSSG than control plants (Kwon et al., 2003; Le Martret et al., 2011).  As 
described above, in ascorbate-glutathione cycle, APX reduces H2O2 to water using AsA 
as an electron donor.  Among the APX isoforms, the lack of cytosolic APX1 is known to 
inhibit the accumulation of glutathione as well as cell death in cat2 (Vanderauwera et al., 
2011).  Therefore, it is conceivable that APX1 has an effect on the GSH oxidation to 
provide DHA for DHAR1.  In contrast, Arabidopsis plants overexpressing DHAR1 
accumulated higher levels of GSH, but not GSSG, than control plants (Wang et al., 2010).  
Thus, more detailed analyses are required for my speculation.   
In conclusion, I identified DHAR1 as a crucial regulator of cellular redox states 
under photooxidative stress.  This redox regulation is required for photooxidative stress 
tolerance in Arabidopsis.  The lack of DHAR1 more strongly affected the redox states of 
glutathione than those of ascorbate, at least at the late stage of HL, which implied that its 
function was associated with glutathione oxidation rather than ascorbate recycling.  To 
address this in more detail, I am now starting to analyze double mutants of dhar1 and 
cat2 as well as double and triple mutants of DHAR isoforms.  Future analyses will 
clarify the physiological significance of DHAR1 from the point of view of glutathione 
oxidase in planta.   
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Section IV-II 
 
Redox regulation of ascorbate and glutathione by a chloroplastic dehydroascorbate 
reductase is required for high-light stress tolerance in Arabidopsis 
 
Introduction 
 
Chloroplasts are one of the most significant production sites of ROS in plant cells 
under illumination.  To modulate ROS levels, chloroplasts accumulate various 
antioxidant systems including ascorbate-glutathione.  Ascorbate-glutathione cycle in 
chloroplasts is regarded as an indispensable system for plant tolerance against 
photooxidative stress (Foyer and Noctor, 2011; Shigeoka et al., 2002).  Several lines of 
genetic evidence from Arabidopsis researches have supported this hypothesis; for 
example, 1) the lethality of a GR knockout mutant (Tzafrir et al., 2004), 2) the pale green 
phenotype of mutants lacking chloroplastic Fe-SOD (Myouga et al., 2008), and 3) 
enhanced oxidative damage in chloroplastic APX mutants (Kangasjärvi et al., 2008; 
Maruta et al., 2010).  In addition, ascorbate is required for other photo-protection-related 
pathways, including the xanthophyll cycle (Eskling et al., 1997) and biosynthesis of 
flavonoids (Page et al., 2012).  In the xanthophyll cycle, ascorbate serves as an electron 
donor for enzymatic reactions catalyzing the de-epoxidation of violaxanthin to 
antheraxanthin and zeaxanthin, enhancing the dissipation of light energy as a heat under 
photooxidative stress conditions (Eskling et al., 1997).   
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A multilayered ascorbate recycling pathway (i.e., ferredoxin, MDAR, and DHAR) 
occurs in chloroplasts, which has led to the speculation that the reduction of oxidized 
ascorbate is an important step in the photo-protection in the organelle (Asada, 2006).  
Consistent with this speculation, transgenic tobacco lines overexpressing DHAR within 
chloroplasts were found to be highly tolerant against chilling, salinity, and oxidative 
stress (Kwon et al., 2003; Le Martret et al., 2011).  However, to the best of my 
knowledge, no information has yet been derived from a knockdown or knockout 
approach in order to study the function of chloroplastic DHAR.  Recently, Arabidopsis 
MDAR6, which is dual-targeted to both chloroplasts and mitochondria (Chew et al., 
2003), was found to mediate the toxicity of 2,4,6-trinitrotoluene (TNT), a toxic 
environmental pollutant, in plant cells, and thus, mdar6 mutant was highly insensitive to 
TNT treatment (Johnston et al., 2015).  In contrast, the lack of MDAR6 had no impact 
on the levels and redox states of ascorbate (Johnston et al., 2015), implying its small 
contribution to ascobate recycling.  Thus, the mode of action of the ascorbate recycling 
in chloroplasts and its physiological significance remain largely unclear.   
Among the functional Arabidopsis DHARs, only DHAR3 is predicted to be a 
chloroplastic isoform.  I herein confirmed the chloroplastic localization of DHAR3 and 
analyzed the impact of the lack of this enzyme on the redox cycle and sensitivity to 
photooxidative stress in Arabidopsis, and it was demonstrated that DHAR3 is essential 
for photooxidative stress tolerance.   
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Materials and Methods 
 
Plant materials and growth conditions 
Arabidopsis thaliana ecotype Col-0 was used as the wild-type plant.  A T-DNA 
insertion line for DHAR3 in the Col-0 background, SAIL_435_A09 (dhar3), was 
obtained from the Arabidopsis Biological Resource Center.  The surface-sterilized seeds 
of the wild-type and mutant plants were cold-treated at 4°C for 2-3 days before 
germination.  Plants were grown on half-strength Murashige & Skoog  medium 
containing 1% (w/v) sucrose under 23°C during 16 h of light (100 µmol photons m-2 s-1) 
and at 20°C during 8 h of darkness.  Two-week-old plants were exposed to excess light.  
To avoid complexity, the terms of ‘HL’ and ‘eHL’ were used to indicate 1,000 and 1,500 
µmol photons m-2 s-1, respectively, in this study.  The collection of control (non-stressed) 
samples and application of stress were performed 4 h after illumination. 
 
Semi-quantitative reverse transcription-PCR 
Total RNA was isolated from the leaves of Arabidopsis plants using Sepasol-RNA 
I super G (Nacalai Tesque, Inc., Kyoto, Japan) according to the manufacturer’s protocol.  
In order to eliminate any contamination of DNA, 50 µg of total RNA was treated with 
DNase I (Takara, Shiga, Japan).  First strand cDNA was synthesized using reverse 
transcriptase (ReverTra Ace; Toyobo) with an oligo dT primer.  A semi-quantitative 
RT-PCR analysis was performed according to Ogawa et al. (2008).  Primer sequences 
were as follows; DHAR3-RT-F (5ʹ-GTGCGGTTCGACTAAACCGG-3ʹ), DHAR3-RT-R 
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(5ʹ-GTGGAAAAGATCTTCGATCC-3ʹ), Actin8-RT-F 
(5ʹ-GAGATCCACATCTGCTGG-3ʹ), and Actin8-RT-R 
(5ʹ-GCTGAGAGATTCAGGTGCCC-3ʹ).   
 
Enzyme assay   
DHAR activity was measured according to Shigeoka et al. (1980) with minor 
modifications, as described in section IV-I.  MDAR activity was measured according to 
Eltayeb et al. (2007) with minor modifications, as described in section IV-I.  GR activity 
was measured according to Foyer and Halliwell (1976). 
 
Sub-cellular localization of the GFP fusion protein 
The cDNA encoding DHAR3 was cloned into the donor vector, pDONR221, and 
then re-cloned into the destination vector, pGWB505 (Nakagawa et al. 2007) using 
GATEWAY technology, to express a green fluorescent protein (GFP) fused chimeric 
DHAR3 protein, DHAR3-cGFP, in which GFP was fused to C-terminus of DHAR3, 
under the control of the CaMV 35S promoter.  Primer sequences were as follows; 
DHAR3-attB1 (5ʹ-AAAAAGCAGGCTATGATAAGCCTTAGGTTTCAACCAAGC-3ʹ) 
and DHAR3-cGFP-attB2 
(5ʹ-AGAAAGCTGGGTACCCATAACCTTTGGTCTCCAACC-3ʹ).  Italics indicate 
attB1/B2 sequences.   
In order to transiently express the fusion protein and GFP alone, 
pGWB505/DHAR3 and pGWB506 (empty vector) were absorbed onto tungsten particles 
(1.0 µm in diameter) following the manufacturer’s instructions (Tanaka, Sapporo, Japan).  
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Rosette leaves were harvested from 4-week-old Arabidopsis wild-type plants grown on 
soil under growth conditions, and then placed onto a 2% (w/v) agar plate.  In each 
bombardment, the leaves were bombarded with 4 µL of DNA-coated tungsten particles (1 
µg of DNA) placed onto the plastic holder using a GIE-III IDERA particle gun (Tanaka) 
at a helium pressure of 4 kgf cm-2 under a vacuum of 600 mmHg.  Following 
bombardment, the agar plate was filled with water to prevent desiccation.  After being 
incubated overnight at 22°C in the dark, the leaves were viewed with a TCS SP5 confocal 
laser scanning microscope (CLSM) (Leica Microsystems, Wetzlar, Germany) using a 
HCX PL APO CS 63.0 9 1.20 WATER UV objective lens.  The fluorescence of GFP and 
chlorophyll was detected at 500–530 nm and 680-700 nm, respectively.   
 
Measurement of oxidants and antioxidants 
Ascorbate was measured as described previously (Maruta et al., 2012a), as 
mentioned in section IV-I.  Glutathione was measured according to Shigeoka et al. 
(1987), as descrived in section IV-I.   
The thiobarbituric acid test, which determines the amount of MDA as an 
end-product of lipid peroxidation, was used to analyze lipid oxidation (Maruta et al., 
2014), as described in section III-I.   
 
Measurement of chlorophyll fluorescence 
Chlorophyll fluorescence was measured following section IV-I.  The Arabidopsis 
plants were kept in darkness for 20 min to determine Fo and Fm, and then exposed to 5 
min of actinic light to determine Fm'.  Fluorescence parameter were calculated as 
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follows: Fv/Fm = (Fm-Fo)/Fm; non photochemical quenching (NPQ) = (Fm-Fm')-Fm'.  
Chlorophyll fluorescence in Arabidopsis leaves was measured at 23°C with a Closed 
FluorCam 800MF (Photon Systems Instruments, Brno, Czech Republic).  More than 20 
independent wild-type and mutant plants were used in this experiment.   
 
Data analysis 
The statistical analysis of data was based on Student’s t-tests.  Calculations were 
performed on more than 3 independent biological replicates.  In all experiments, except 
for the measurement of chlorophyll fluorescence, leaves (from >20 seedlings) were 
pooled and used for 1 biological replicate.   
 
 
 
Results and Discussion 
 
Sub-cellular localization of DHAR3 
DHAR3 has been suggested to be a chloroplastic isoform in Arabidopsis because 
it has an N-terminal extension sequence similar to a chloroplast-targeting signal, which is 
absent in DHAR1 and 2 (Figure IV-II-1).  I predicted the sub-cellular localization of 
DHAR3 using iPSORT (Bannai et al., 2001, 2002) (http://ipsort.hgc.jp/), Predotar (Small 
et al., 2004) (https://urgi.versailles.inra.fr/predotar/predotar.html), TargetP (Emanuelsson 
et al., 2000) (http://www.cbs.dtu.dk/services/TargetP/), and WoLF PSORT (Horton et al., 
2007) (http://www.genscript.com/psort/wolf_psort.html).  As a consequence, all 
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programs tested successfully predicted that DHAR3 is a chloroplastic protein.  This was 
supported by a previous proteome analysis using chloroplasts isolated from Arabidopsis 
leaves (Peltier et al., 2006; Behrens et al., 2013).  In order to confirm this in more detail, 
cDNA was cloned into the pGWB505 vector for the expression of DHAR3-cGFP fusion 
proteins.  When the fusion proteins were transiently expressed in the leaves of 
4-week-old wild-type Arabidopsis plants, GFP fluorescence clearly overlapped with the 
red fluorescence derived from chloroplasts (Figure IV-II-2).  In contrast, the GFP 
protein alone was distributed in the cytosol and nucleus.  These results demonstrate the 
chloroplastic localization of DHAR3.   
 
 
 
Figure IV-II-1.  Alignment of Arabidopsis DHAR isoforms.   
The sequences of DHAR1, DHAR2 and DHAR3 encoded polypeptides of 213, 213 and 258 
amino acid residues, respectively, with respective predicted molecular masses of 23.6, 23.4 and 
28.5 kDa.  DHAR3 showed 49.6% and 51.9% sequence identity to DHAR1 and DHAR2, 
respectively.  The conserved catalytically active cysteine residue is shown by an asterisk.  
Residues identical and conserved between sequences are marked with black and gray bars, 
respectively.   
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Figure IV-II-2.  Sub-cellular localization of DHAR3.   
Confocal images of Arabidopsis leaf cells transiently expressing (A) GFP alone (pGWB506 
empty vector) and (B) DHAR3-cGFP.  Left and middle panels indicate GFP fluorescence and 
auto-fluorescence from chloroplasts, respectively.  The right panel shows fluorescence images 
merged with bright-field images.  Scale bars are 20 µm.  The same results were obtained from 
more than 3 independent experiments. 
 
 
 
 
Susceptibility of the dhar3 mutant to extreme high light 
For reverse genetic approach, a T-DNA insertion line (dhar3; SAIL_435_A09) of 
this gene was obtained.  A T-DNA insertion occurred in the third intron of the DHAR3 
gene (Figure IV-II-3A).  A semi-quantitative RT-PCR analysis revealed that the line 
was a null mutant (Figure IV-II-3B).  Furthermore, total DHAR activity in dhar3 leaves 
was approximately 74% that in wild-type leaves (Figure IV-II-3C).  In an attempt to 
understand the physiological significance of DHAR3 in photooxidative stress tolerance, 
  145
2-week-old wild-type and dhar3 plants were subjected to eHL at 1,500 µmol m-2 s-1 for 
15 h.  As shown in Figure IV-II-4, both plants suffered visible damage from this strong 
stress; however, dhar3 plants were more bleached than the wild-type plants.  I then 
examined the effects of DHAR3 knockout on the redox states of ascorbate.  Before eHL 
irradiation the dhar3 mutation had no significant effect on the levels or redox states 
(reduced ascorbate/ total) of ascorbate (Figure IV-II-4C,D).  While the eHL exposure 
for 3 h did not induce visible damage in both wild type and dhar3, this treatment 
enhanced ascorbate oxidation especially in the mutant (Figure IV-II-4D).  Furthermore, 
the lack of DHAR3 inhibited the eHL-induced accumulation of ascorbate (Figure 
IV-II-4C).  These findings suggested that chloroplastic DHAR is required for 
photo-protection through ascorbate recycling in plants under strong photooxidative stress 
conditions.   
 
 
Figure IV-II-3.  Characterization of T-DNA insertion lines lacking DHAR3.   
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(A) Molecular structure and T-DNA insertion sites of the DHAR3 (dhar3: SAIL_435_A09) gene.  
T-DNA insertion site is indicated with triangles, and black and white boxes represent coding and 
non-coding regions, respectively.  (B and C) Wild-type and dhar3 mutant plants were grown 
under normal conditions for 2 weeks.  (B) Transcript levels of DHAR3 and Actin8 were analyzed 
by semi-quantitative RT-PCR.  (C) DHAR activity in plants was measured.  Data are means ± 
SD for more than 3 biological replicates.   
 
 
Figure IV-II-4.  Sensitivity of dhar3 mutants to photooxidative stresses.   
Two-week-old wild-type and dhar3 mutant plants were exposed to eHL (1,500 µmol photons m-2 
s-1).  Plants were photographed (A) before stress application and (B) 15 h after high light 
irradiation.  The same results were obtained from more than three independent experiments.  (C) 
Total ascorbate levels and (D) ascorbate redox states were measured and calculated.  Data are 
means ± SD for more than 6 biological replicates.  Significant differences: *P < 0.05 vs. the 
value for wild-type plants.   
 
 
 
Levels and redox states of ascorbate in dhar3 under high light   
The eHL exposure easily induced visible damage on leaves under the present 
experimental conditions, making it difficult to understand the cause-and-effect 
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relationship between the ascorbate redox states and dhar3 phenotype.  To obtain more 
detailed data, HL at 1,000 µmol photons m-2 s-1 was used in subsequent analyses 
therefore.  It was confirmed that dhar3 mutant had lower DHAR activity even under HL 
(Figure IV-II-5A).  No visible oxidative damage was observed in wild type and dhar3 
when subjected to this stress for 12 h (data not shown).  I evaluated oxidative stress 
damage in the mutant by measuring Fv/Fm, the maximum quantum yield of PS II.  The 
parameter was decreased by HL irradiation in wild-type and dhar3 plants, but was more 
prominent in the mutant at 6 h (Figure IV-II-6A).  Furthermore, this decrease was 
accompanied by an increase in the levels of MDA, a marker of lipid oxidation (Figure 
IV-II-6B).  These findings indicated that the dhar3 mutant was more sensitive to this 
HL than wild type.   
 
 
Figure IV-II-5.  DHAR, MDAR, and GR in dhar3 mutants under high light. 
Two-week-old wild-type and dhar3 mutant plants were subjected to HL (1,000 µmol photons m-2 
s-1).  (A) DHAR, (B) MDAR, and (C) GR activity in plants were measured.  Data are means 
± SD for more than 3 biological replicates.  Significant differences: *P < 0.05 vs. the value for 
wild-type plants.   
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Figure IV-II-6.  Oxidative damage in dhar3 mutants under high light.   
Two-week-old wild-type and dhar3 mutant plants were subjected to HL (1,000 µmol photons m-2 
s-1).  (A) Fv/Fm in the leaves was determined after dark adaptation for 20 min, as described in 
the Materials and Methods.  Data are means ± SD for more than 3 biological replicates.  (B) 
Lipid hydroperoxide contents were determined by measuring MDA.  Data are means ± SD for 
more than 3 biological replicates.  Significant differences: *P < 0.05 vs. the value for wild-type 
plants.   
 
 
 
 
Although the HL-induced accumulation of ascorbate was slightly but significantly 
suppressed in the dhar3 mutant, the loss of DHAR3 had no detectable effect on the redox 
states of ascorbate under the stress conditions (Figure IV-II-7).  At present, I do not 
have any robust explanation for this discrepancy.  One plausible explanation might be 
that the loss of DHAR3 actually had an impact on the redox states of ascorbate within 
chloroplasts.  I might not be able to detect the impact because of use of whole leaf cells 
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for the ascorbate measurement.  I also found that the dhar3 mutation actually facilitated 
an increase in total MDAR activity under HL (Figure IV-II-5B).  These findings 
suggest that DHAR3 contributed, at least to some extent, to ascorbate recycling under HL, 
although the lack of DHAR3 could be compensated by other mechanisms, including 
MDAR.   
 
 
 
Figure IV-II-7.  Levels and redox states of ascorbate in dhar3 mutants under high light. 
Two-week-old wild-type and dhar3 mutant plants were subjected to HL (1,000 µmol photons m-2 
s-1).  (A) Total ascorbate levels and (B) ascorbate redox states were measured and calculated.  
Data are means ± SD for more than 6 biological replicates.  Significant differences: *P < 0.05 
vs. the value for wild-type plants.   
 
 
 
 
As described above, ascorbate is required for the xanthophyll cycle, which is one 
of important processes for light acclimation.  I analyzed NPQ to indicate the activity of 
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the cycle in wild type and dhar3 under HL.  However, there was no significant 
difference in this parameter between genotypes before and after HL (Figure IV-II-8).  
This result was probably because of the small difference in ascorbate content between 
wild type and dhar3, and suggested that DHAR3 does not contribute to the induction of 
NPQ at least under my experimental conditions.   
 
 
 
Figure IV-II-8.  NPQ in dhar3 mutants under high light.   
Two-week-old wild-type and dhar3 mutant plants were subjected to HL (1,000 µmol photons m-2 
s-1) for 6 h.  NPQ in the leaves was determined after dark adaptation for 20 min, as described in 
the Materials and Methods.  Data are means ± SD for more than 3 biological replicates.   
 
 
 
 
Levels and redox states of glutathione in dhar3 under milder high-light stress 
Since DHAR catalyzes the reduction of DHA using GSH as an electron donor, it 
is possible that DHAR contributes to redox regulation of glutathione through its oxidation.  
In spite of its negligible effect on ascorbate redox states, the lack of DHAR3 markedly 
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affected the redox states of glutathione.  Even in the absence of HL, the redox states of 
glutathione were more reduced in dhar3 mutant plants than in wild-type plants (Figure 
IV-II-9B).  Furthermore, redox states were decreased in response to HL in wild-type 
plants, but this decrease was significantly mitigated in dhar3 mutant plants (Figure 
IV-II-9B).  No significant difference was observed in GR activity between wild-type 
and dhar3 mutant plants (Figure IV-II-5C), suggesting that the high reduction states of 
glutathione in the dhar3 mutant were not associated with GR activity.  These findings 
indicate that DHAR3 strongly contributes to the glutathione oxidation event in 
illuminated leaves.  Furthermore, the dhar3 mutation facilitated an increase in the total 
glutathione content under HL (Figure IV-II-9A).  The accumulation of glutathione is a 
general marker of oxidative stress.  I previously found that the lack of chloroplastic APX 
isoenzymes have the similar impact on glutathione levels under excess light (Maruta et al., 
2010).  cat2 mutants also accumulate a large amount of glutathione under normal air 
conditions (Mhamdi et al., 2010).  Because glutathione and its redox states have been 
proposed to act as a signal for stress acclimation responses (Tausz et al., 2004; Noctor et 
al., 2012), the fact that the lack of DHAR3 affected only the glutathione redox states 
under normal light might indicate that the oxidation of glutathione by DHAR3 is an 
important process for plant tolerance to photooxidative stress.   
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Figure IV-II-9.  Levels and redox states of glutathione in dhar3 mutants under high light. 
Two-week-old wild-type and dhar3 mutant plants were subjected to HL (1,000 µmol photons m-2 
s-1).  (A) Total glutathione levels and (B) glutathione redox states were measured and calculated.  
Data are means ± SD for more than 6 biological replicates.  Significant differences: *P < 0.05 
vs. the value for wild-type plants.   
 
 
 
Conclusion 
 
The present results provide the first genetic evidence for a chloroplastic DHAR3 
being essential for photooxidative stress tolerance in Arabidopsis plants.  However, the 
mode of action of DHAR3-dependent photo-protection may be complicated due to 
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several reasons.  One of the major concerns was the negligible effect of the dhar3 
mutation on ascorbate redox states observed under HL.  This simply implies that 
DHAR3 may make a small contribution to ascorbate recycling.  MDAR and ferredoxin 
can reduce MDHA back to ascorbate before its further oxidation to DHA (Asada, 2006); 
thus, chloroplasts have acquired multilayered pathways for ascorbate recycling, which 
may allow the dhar3 mutant to maintain ascorbate redox states even under HL.  
Interestingly, the levels and redox states of glutathione were largely affected by the lack 
of DHAR3, in particular under high light.  Thus, DHAR3 regulates both ascorbate and 
glutathione redox states to acclimate to HL.  The results of my study using a dhar1 
mutant suggest that, similar to DHAR3, cytosolic DHAR also makes a large contribution 
to glutathione oxidation under photooxidative stress (see section IV-I).  The 
physiological role of DHAR isoforms in glutathione oxidation warrants further study.  
Thus, my findings indicate that the redox regulation of both ascorbate and glutathione by 
DHAR3 in chloroplasts is required for photooxidative stress tolerance.   
As described above, DHAR1 and DHAR2 are located in the cytosol, while 
DHAR3 is located in chloroplasts.  In this study, the lack of DHAR1 slightly but 
significantly enhanced oxidation of ascorbate under normal conditions when grown on 
MS medium (Figure IV-I-4B).  On the other hand, the lack of DHAR3 affected the 
oxidative level of glutathione, but not that of ascorbate, under normal conditions (Figure 
IV-II-9).  These findings suggest that cytosolic form of DHAR enzymes, DHAR1 and 
DHAR2, may participate more than the chloroplastic form, DHAR3, in reduction of 
ascorbate.  Consistent with this speculation, MDAR activity increased in dhar1 and 
dhar2 mutants, but not in dhar3 plant, under normal conditions (Figure IV-I-2 and  9, 
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and Figure IV-II-5).  Thus, it is implied that the maintenance of ascorbate redox pool 
by DHAR in cytosol could be compensated by MDAR enzymes in Arabidopsis plants.  
Recently, the lack of MDAR6 located in both chloroplasts and mitochondria had no effect 
on the levels of ascorbate but increased the levels of glutathione in root (Johnston et al., 
2015).  This findings and my previous report suggest that ascorbate-glutathione cycle 
related enzymes in chloroplasts have little effect on ascorbate regulation in response to 
photooxidative stress.  In fact, the lack of chloroplastic APX enzymes, thylakoid-bound 
and stromal APX, led to the perturbation of the levels and redox state of glutathione but 
not those of ascorbate under photooxidative stress (Maruta et al., 2010).  These findings 
indicated that the component enzymes of ascorbate-glutathione cycle in chloroplasts have 
an important role in modulation of glutathione redox pool, implying that responses to 
photooxidative stress may be triggered by the collapse of chloroplastic glutathione redox 
homeostasis.  However, as mentioned section IV-I, growth conditions may be affected to 
the ratio of DHAR activity of each DHAR isoform, at least DHAR1 and DHAR2, from 
Arabidopsis to the total activity.  Additionally, even in this study, differences in growth 
conditions have non-negligible effects on the contents and redox states of ascorbate and 
glutathione before and/or after photooxidtive stress treatments (Figure IV-I-4 and 11, 
Figure IV-II-4, 7, and 9).  In future studies, the comprehensive analysis of DHAR 
isoforms under unifying conditions is required for understanding the physiological 
importance of ascorbate-glutathione cycle in each cellular compartment individually.   
 
 
 
  155
 
Acknowledgment 
 
I am grateful to Prof. Tsuyoshi Nakagawa (Shimane University) for donating the 
pGWB505 and pGWB506 vector.  I am thankful to Dr Kohji Nishimura (Shimane 
University) for excellent technical help with confocal laser scanning microscope.  I am  
also thankful to Dr. Takanori Maruta and Mr. Yusuke Terai (Shimane University) for 
technical assistance in determining the sub-cellular localization of DHAR3.   
 
  156
 
REFERENCES 
 
Acharya, B.R., Raina, S., Maqbool, S.B., Jagadeeswaran, G., Mosher, S.L., Apple, H.M., 
Schultz, J.C., Klessig, D.F. and Raina, R. (2007) Overexpression of CRK13, an 
Arabidopsis cysteine-rich receptor-like kinase, results in enhanced resistance to 
Pseudomonas syringae. Plant J. 50: 488-499.   
 
Alvarez, J.M., Riveras, E., Vidal, E.A., Gras, D.E., Contreras-López, O., Tamayo, K.P., 
Aceituno, F., Gómez, I., Ruffel, S., Lejay, L., Jordana, X. and Gutiérrez, R.A. (2014) 
Systems approach identifies TGA1 and TGA4 transcription factors as important 
regulatory components of the nitrate response of Arabidopsis thaliana roots. Plant J. 80: 
1-13.   
 
Apel, K. and Hirt, H. (2004) Reactive oxygen species. Metabolism, oxidative stress, and 
signal transduction. Annu. Rev. Plant Biol. 55: 373-399.   
 
Arnon, D.I. (1949) Copper enzymes in isolated chloroplasts. Polyphenoloxidase in beta 
vulgaris. Plant Physiol. 24: 1-15. 
 
Asada, K. (1999) The water-water cycle in chloroplasts: scavenging of active oxygens 
and dissipation of excess photons. Annu. Rev. Plant Physiol. Plant Mol. Biol. 50: 
601-639.   
 
  157
Asada, K. (2006) Production and scavenging of reactive oxygen species in chloroplasts 
and their functions. Plant Physiol. 141: 391-396.   
 
Bannai, H., Tamada, Y., Maruyama, O. and Nakai, K. (2001) Views: Fundamental 
building blocks in the process of knowledge discovery. Proceedings; 2001 May 21-23; 
Florida (USA): the 14th international FLAIRS conference; 2001.   
 
Bannai, H., Tamada, Y., Maruyama, O., Nakai, K. and Miyano, S. (2002) Extensive 
feature detection of N-terminal protein sorting signals. Bioinformatics. 18: 298-305.   
 
Behrens, C., Blume, C., Senkler, M., Eubel, H., Peterhänsel, C. and Braun H.P. (2013) 
The 'protein complex proteome' of chloroplasts in Arabidopsis thaliana. J. Proteomics. 91: 
73-83.   
 
Bigeard, J., Colcombet, J. and Hirt, H. (2015) Signaling mechanisms in pattern-triggered 
immunity (PTI). Mol. Plant 8: 521-539.   
 
Bourdais, G., Burdiak, P., Gauthier, A., Nitsch, L., Salojärvi, J., Rayapuram, C., 
Idänheimo, N., Hunter, K., Kimura, S., Merilo, E., Vaattovaara, A., Oracz, K., Kaufholdt, 
D., Pallon, A., Anggoro, D.T., Glów, D., Lowe, J., Zhou, J., Mohammadi, O., Puukko, T., 
Albert, A., Lang, H., Ernst, D., Kollist, H., Brosché, M., Durner, J., Borst, J.W., Collinge, 
D.B., Karpiński, S., Lyngkjær, M.F., Robatzek, S., Wrzaczek, M., Kangasjärvi, J. and on 
behalf of the CRK Consortium. (2015) Large-scale phenomics identifies primary and 
fine-tuning roles for CRKs in responses related to oxidative stress. PLoS Genet. 11: 
e1005373.   
 
Burch-Smith, T.M. and Dinesh-Kumar, S.P. (2007) The functions of plant TIR domains. 
  158
Sci. STKE. 2007: pe46.   
 
Caplan, J.L., Kumar, A.S., Park, E., Padmanabhan, M.S., Hoban, K., Modla, S., 
Czymmek, K. and Dinesh-Kumar, S.P. (2015) Chloroplast stromules function during 
innate immunity. Dev. Cell 34: 45-57.   
 
Chalker-Scott, L. (1999) Environmental significance of anthocyanins in plant stress 
responses. Photochem. Photobiol. 70: 1-9. 
 
Chaouch, S., Queval, G., Vanderauwera, S., Mhamdi, A., Vandorpe, M., 
Langlois-Meurinne M., Van Breusegem F., Saindrenan, P. and Noctor, G. (2010) 
Peroxisomal hydrogen peroxide is coupled to biotic defense responses by 
ISOCHORISMATE SYNTHASE1 in a daylength-related manner. Plant Physiol. 153: 
1692-1705.   
 
Chen, K., Du, L. and Chen, Z. (2003a) Sensitation of defense responses and activation of 
programmed cell death by a pathogen-induced receptor-like protein kinase in Arabidopsis. 
Plant Mol. Biol. 53: 61-74.   
 
Chen, Z., Young, T.E., Ling, J., Chang, S.C. and Gallie, D.R. (2003b) Increasing vitamin 
C content of plants through enhanced ascorbate recycling. Proc. Natl. Acad. Sci. U.S.A. 
100: 3525-3530.   
 
  159
Chen, Z. and Gallie, D.R. (2004) The ascorbic acid redox state controls guard cell 
signaling and stomatal movement. Plant Cell 16: 1143-1162.   
 
Chen, Z. and Gallie, D.R. (2006) Dehydroascorbate reductase affects leaf growth, 
development, and function. Plant Physiol. 142: 775-787.   
 
Chen, Z. and Gallie, D.R. (2008) Dehydroascorbate reductase affects non-photochemical 
quenching and photosynthetic performance. J. Biol. Chem. 283: 21347-21361.   
 
Chew, O., Whelan, J. and Millar, A.H. (2003) Molecular definition of the 
ascorbate-glutathione cycle in Arabidopsis mitochondria reveals dual targeting of 
antioxidant defenses in plants. J. Biol. Chem. 278: 46869-46877.   
 
Choi, J., Huh, S.U., Kojima, M., Sakakibara, H., Paek, K.H. and Hwang, I. (2010) The 
cytokinin-activated transcription factor ARR2 promotes plant immunity via 
TGA3/NPR1-dependent salicylic acid signaling in Arabidopsis. Dev. Cell 19: 284-295.   
 
Davletova, S., Rizhsky, L., Liang, H., Shengqiang, Z., Oliver, D. J., Coutu, J., Shulaev, V., 
Schlauch, K. and Mittler, R. (2005) Cytosolic ascorbate peroxidase 1 is a central 
component of the reactive oxygen gene network of Arabidopsis. Plant Cell 17: 268-281.   
 
Demkura, P.V. and Ballaré, C.L. (2012) UVR8 mediates UV-B-induced Arabidopsis 
defense responses against Botrytis cinerea by controlling sinapate accumulation. Mol. 
  160
Plant 5: 642-652. 
 
Dempsey, D.A., Shah, J. and Klessig, D.F. (1999) Salicylic acid and disease resistance in 
plants. Crit. Rev. Plant Sci. 18: 547-575.   
 
Denoux, C., Galletti, R., Mammarella, N., Gopalan, S., Werck, D., De Lorenzo, G., 
Ferrari, S., Ausubel, F.M. and Dewdney, J. (2008) Activation of defense response 
pathways by OGs and Flg22 elicitors in Arabidopsis seedlings. Mol. Plant 1: 423-445.   
 
Després, C., Chubak, C., Rochon, A., Clark, R., Bethune, T., Desveaux, D. and Fobert, 
R.R. (2003) The Arabidopsis NPR1 disease resistance protein is a novel cofactor that 
confers redox regulation of DNA binding activity to the basic domain/leucine zipper 
transcription factor TGA1. Plant Cell 15: 2181-2191.   
 
Dixon, D.P., Davis, B.G. and Edwards, R. (2002) Functional divergence in the glutathione 
transferase superfamily in plants. Identification of two classes with putative functions in 
redox homeostasis in Arabidopsis thaliana. J. Biol. Chem. 277: 30859-30869.   
 
Dixon, D.P. and Edwards, R. (2010) Glutathione transferases. Arabidopsis Book 8: e0131.   
 
Dong, X. (2004) NPR1, all things considered. Curr. Opin. Plant Biol. 7: 547-552.   
 
Eltayeb, A.E., Kawano, N., Badawi, G.H., Kaminaka, H., Sanekata, T., Shibahara, T., 
  161
Inanaga, S. and Tanaka, K. (2007) Overexpression of monodehydroascorbate reductase in 
transgenic tobacco confers enhanced tolerance to ozone, salt and polyethylene glycol 
stresses. Planta 225: 1255-1264.   
 
Emanuelsson, O., Nielsen, H., Brunak, S. and von Heijne, G. (2000) Predicting 
subcellular localization of proteins based on their N-terminal amino acid sequence. J. Mol. 
Biol.  300: 1005-1016.   
 
Eskling, M., Arvidsson, P.O. and Åkerlund, H.E. (1997) The xanthophyll cycle, its 
regulation and components. Physiol. Plant. 100: 806-816.   
 
Ferro, M., Brugière, S., Salvi, D., Seigneurin-Berny, D., Court, M., Moyet, L., Ramus, C., 
Miras, S., Mellal, M., Le Gall, S., Kieffer-Jaquinod, S., Bruley, C., Garin, J., Joyard, J., 
Masselon, C. and Rolland, N. (2010) AT_CHLORO, a comprehensive chloroplast 
proteome database with subplastidial localization and curated information on envelope 
protein. Mol. Cell. Proteomic. 9: 1063-1084.   
 
Field, T.S., Lee, D.W. and Holbrook, N.M. (2001) Why leaves turn red in autumn. The 
role of anthocyanins in senescing leaves of red-osier dogwood. Plant Physiol. 127: 
566-574.   
 
Foyer, C.H. and Halliwell, B. (1976) The presence of glutathione and glutathione 
reductase in chloroplasts: a proposed role in ascorbic acid metabolism. Planta 133: 21-25.   
  162
 
Foyer, C.H. and Mullineaux, P.M. (1998) The presence of dehydroascorbate and 
dehydroascorbate reductase in plant tissues. FEBS lett. 425: 528-529.   
 
Foyer, CH and Noctor, G. (2005) Redox homeostasis and antioxidant signaling: a 
metabolic interface between stress perception and physiological responses. Plant Cell 17: 
1866-1875.  
 
Foyer, C.H. and Noctor, G. (2011) Ascorbate and glutathione: The heart oh the redox hub. 
Plant Physiol. 155: 2-18.   
 
Foyer, C.H. and Shigeoka, S. (2011) Understanding oxidative stress and antioxidant 
functions to enhance photosynthesis. Plant Physiol. 155: 93-100.   
 
Fragnière, C., Serrano, M., Abou-Mansour, E., Métraux, J.P. and L’Haridon, F. (2011) 
Salicylic acid and its location in response to biotic and abiotic stress. FEBS Lett. 585: 
1847-1852.   
 
Fraser, C.M. and Chapple, C. (2011) The phenylpropanoid pathway in Arabidopsis. 
Arabidopsis Book 9: e0152.   
 
Fujita, Y., Fujita, M., Satoh, R., Maruyama, K., Parvez, M.M., Seki, M., Hiratsu, K., 
Ohme-Takagi, M., Shinozaki, K. and Yamaguchi-Shinozaki, K. (2005) AREB1 is a 
  163
transcription activator of novel ABRE-dependent ABA signaling that enhances drought 
stress tolerance in Arabidopsis. Plant Cell 17: 3470-3488.   
 
Gadjev, I., Vanderauwera, S., Gechev, T.S., Laloi, C., Minkov, I.N., Shulaev, V., Apel, K., 
Inzé, D., Mittler, R. and Van Breusegem, F. (2006) Transcriptomic footprints disclose 
specificity of reactive oxygen species signaling in Arabidopsis. Plant Physiol. 141: 
436-445.   
 
Gallie, D.R. (2013) The role of L-ascorbic acid recycling in responding to environmental 
stress and in promoting plant growth. J. Exp. Bot. 64: 433-443.   
 
Galvez-Valdivieso, G., Fryer, M.J., Lawson, T., Slattery, K., Truman, W., Smirnoff, N., 
Asami, T., Davies, W.J., Jones, A.M., Baker, N.R. and Mullineaux, P.M. (2009) The high 
light response in Arabidopsis involves ABA signaling between vascular and bundle 
sheath cells. Plant Cell 21: 2143-2162. 
 
Garcia, A.V. and Hirt, H. (2014) Salmonella enterica induces and subverts the plant 
immune system. Front. Microbiol. 5: 141.   
 
Garcia-Gimenez, J.L., Markovic, J., Dasi, F., Queval, G., Schnaubelt, D., Foyer, C.H. and 
Pallardó, F.V. (2013) Nuclear glutathione. Biochem. Biophys. Acta. 1830: 3304-3316.   
 
Garcion, C., Lohmann, A., Lamodière, E., Catinot, J., Buchala, A., Doermann, P. and 
  164
Métraux, J.P. (2008) Characterization and biological function of the Isochorismate 
Synthase2 gene of Arabidopsis. Plant Physiol. 147: 1279-1287.   
 
Gatz, C. (2013) From pioneers to team players: TGA transcription factors provide a 
molecular link between different stress pathway. Mol. Plant Microbe Interact. 26: 
151-159.   
 
Gill, S.S. and Tuteja, N. (2010) Reactive oxygen species and antioxidant machinery in 
abiotic stress tolerance in crop plants. Plant Physiol. Biochem. 48: 909-930.   
 
Gou, J.Y., Li, K., Wu, K., Wang, X., Lin, H., Cantu, D., Uauy, C., Dobon-Alonso, A., 
Midorikawa, T., Inoue, K., Sánchez, J., Fu, D., Blechl, A., Wallington, E., Fahima, T., 
Meeta, M., Epstein, L. and Dubcovsky, J. (2015) Wheat stripe rust resistance protein 
WKS1 reduces the ability of the thylakoid-associated ascorbate peroxidase to detoxify 
reactive oxygen species. Plant Cell 27: 1755-1770.   
 
Grefen, C., Donald, N., Hashimoto, K., Kudla, J., Schumacher, K. and Blatt, M.R. (2010) 
A ubiquitin-10 promoter-based vector set for fluorescent protein tagging facilitates 
temporal stability and native protein distribution in transient and stable expression studies. 
Plant J. 64: 355-365.   
 
Gueta-Dahan, Y., Yaniv, Z., Zilinskas, B.A. and Ben-Hayyim, G. (1997) Salt and 
oxidative stress: similar and specific responses and their relation to salt tolerance in 
  165
Citrus. Planta 203: 460-469.   
 
Guo, H.S., Fei, J. F., Xie, Q. and Chua, N.H. (2003) A chemical-regulated inducible 
RNAi system in plants. Plant J. 34: 383-392.   
 
Hepworth, S.R., Zhang, Y., McKim, S., Li, X. and Haughn, G.W. (2005) 
BLADE-ON-PETIOLE-dependent signaling controls leaf and floral patterning in 
Arabidopsis. Plant Cell 17: 1434-1448.   
 
Higo, K. Ugawa, Y. Iwamoto, M. and Korenaga, T. (1999) Plant cis-acting regulatory 
DNA elements (PLACE) database: 1999. Nucleic Acids Res. 27: 297-300.   
 
Horton, P., Park, K.J., Obayashi, T., Fujita, N., Harada, H., Adams-Collier, C.J. and Nakai 
K. (2007) WoLF PSORT: protein localization predictor. Nucleic Acids Res. 35: 
W585-587.   
 
Huang, J., Bhinu, V.S., Li, X., Dallal Bashi, Z., Zhou, R. and Hannoufa, A. (2009) 
Pleiotropic changes in Arabidopsis f5h and sct mutants revealed by large-scale gene 
expression and metabolite analysis. Planta 230: 1057-1069.  
 
Ishikawa, K., Yoshimura, K., Harada, K., Fukusaki, E., Ogawa, T., Tamoi, M. and 
Shigeoka, S. (2010a) AtNUDX6, an ADP-ribose/NADH pyrophosphohydrolase in 
Arabidopsis, positively regulates NPR1-dependent salicylic acid signaling. Plant Physiol. 
  166
152: 2000-2012.   
 
Ishikawa, K., Yoshimura, K., Ogawa, T. and Shigeoka, S. (2010b) Distinct regulation of 
Arabidopsis ADP-ribose/NADH pyrophosphohydrolases, AtNUDX6 and -7, in biotic and 
abiotic stress responses. Plant Signal. Behav. 5: 839-841.   
 
Ishikawa, T. and Shigeoka, S. (2008) Recent advances in ascorbate biosynthesis and the 
physiological significance of scorbate peroxidase in photosynthesizing organisms. Biosci. 
Biotechnol. Biochem. 72: 1143-1154.   
 
Johnston, E.J., Rylott, E.L., Beynon, E., Lorenz, A., Chechik, V. and Bruce, N.C. (2015) 
Monodehydroascorbate reductase mediates TNT toxicity in plants. Science. 349: 
1072-1075.   
 
Kadota, Y., Sklenar, J., Derbyshire, P., Stransfeld, L., Asai, S., Ntoukakis, V., Jones, J.D., 
Shirasu, K., Menke, F., Jones, A. and Zipfel, C. (2014) Direct regulation of the NADPH 
oxidase RBOHD by the PRR-associated kinase BIK1 during plant immunity. Mol. Cell 
54: 43-55.   
 
Kadota, Y., Shirasu, K. and Zipfel, C. (2015) Regulation of the NADPH oxidase RBOHD 
during plant immunity. Plant Cell Physiol. 56: 1472-1480.   
 
Kangasjärvi, S., Lepistӧ, A., Hännikäinen, K., Piippo, M., Luomala, E.M., Aro, E.M. and 
  167
Rintamäki, E. (2008) Diverse roles for chloroplast stromal and thylakoid-bound ascorbate 
peroxidases in plant stress responses. Biochem. J. 412: 275-285.  
 
Kim, C., Meskauskiene, R., Apel, K. and Laloi, C. (2008) No single way to understand 
singlet oxygen signaling in plants. EMBO Rep. 9: 435-439.   
 
Kim, H.S. and Delaney, T.P. (2002) Over-expression of TGA5, which encodes a bZIP 
transcription factor that interacts with NIM/NPR1, confers SAR-independent resistance in 
Arabidopsis thaliana to Peronospora parasitica. Plant J. 32: 151-163.   
 
Kleffmann, T., Russenberger, D., von Zychlinski, A., Christopher, W., Sjölander, K., 
Gruissem, W. and Baginsky, S. (2004) The Arabidopsis thaliana chloroplast proteome 
reveals pathway abundance and novel protein functions. Curr. Biol. 14: 354-362.   
 
Kruijt, M., DE Kock, M.J. and de Wit, P.J. (2005) Receptor-like proteins involved in 
plant disease resistance. Mol. Plant Pathol. 6: 85-97.   
 
Kwon, S.Y., Choi, S.M., Ahn, Y.O., Lee, H.S., Lee, H.B., Park, Y.M. and Kwak, S.S. 
(2003) Enhanced stress-tolerance of transgenic tobacco plants expressing a human 
dehydroascorbate reductase gene. J. Plant Physiol. 160: 347-353.   
 
Laloi, C., Stachowiak, M., Pers-Kamczyc, E., Warzych, E., Murgia, I. and Apel, K. (2007) 
Cross-talk between singlet oxygen- and hydrogen peroxide-dependent signaling of stress 
  168
responses in Arabidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A. 104: 672-677.   
 
Landry, L.G., Chapple, C.C. and Last, R.L. (1995) Arabidopsis mutants lacking phenolic 
sunscreens exhibit enhanced ultraviolet-B injury and oxidative damage. Plant Physiol. 
109: 1159-1166. 
 
Le Martret, B., Poage, M., Shiel, K., Nugent, G.D. and Dix, P.J. (2011) Tobacco 
chloroplast transformants expressing genes encoding dehydroascorbate reductase, 
glutathione reductase, and glutathione-S-transferase, exhibit altered anti-oxidant 
metabolism and improved abiotic stress tolerance. Plant Biotechnol. J. 9: 661-673.   
 
Lee, K.P., Kim, C., Landgraf, F. and Apel, K. (2007) Executer1- and Executer2-dependent 
transfer of stress-related signals from the plastid to the nucleus of Arabidopsis thaliana. 
Proc. Natl. Acad. Sci. U.S.A. 104: 10270-10275.   
 
Li, L., Li, M., Yu, L., Zhou, Z., Liang, X., Liu, Z., Cai, G., Gao, L., Zhang, X., Wang, Y., 
Chen, S. and Zhou, J.M. (2014) The FLS2-associated kinase BIK1 directly 
phosphorylates the NADPH oxidase RbohD to control plant immunity. Cell Host Microbe 
15: 329-338.   
 
Li, S., Lauri, A., Ziemann, M., Busch, A., Bhave, M. and Zachgo, S. (2009) Nuclear 
activity of ROXY1, a glutaredoxin interacting with TGA factor, is required for petal 
development in Arabidopsis thaliana. Plant Cell 21: 429-441.   
  169
 
Lim, E.K., Li, Y., Parr, A., Jackson, R., Ashford, D.A. and Bowles, D.J. (2001) 
Identification of glucosyltransferase genes involved in sinapate metabolism and lignin 
synthesis in Arabidopsis. J. Biol. Chem. 276: 4344-4349.   
 
Liu, Y., Ren, D., Pike, S., Pallardy, S., Gassmann, W. and Zhang, S. (2007) 
Chloroplast-generated reactive oxygen species are involved in hypersensitive 
response-like cell death mediated by a mitogen-activated protein kinase cascade. Plant J. 
51, 941-954.   
 
Malamy, J., Hennig, J. and Klessig, D.F. (1992) Temperature-dependent induction of 
salicylic acid and its conjugates during the resistance response to tobacco mosaic virus 
Infection. Plant Cell 4: 359-366.   
 
Mano, J., Hideg, E. and Asada, K. (2004) Ascorbate in thylakoid lumen functions as an 
alternative electron donor to photosystem II and photosystem I. Arch. Biochem. Biophys. 
429: 71-80.   
 
Marino, D., Dunand, C., Puppo, A. and Pauly, N. (2012) A burst of plant NADPH 
oxidases. Trends Plant Sci. 17: 9-15.   
 
Maruta, T., Tanouchi, A., Tamoi, M., Yabuta, Y., Yoshimura, K., Ishikawa, T. and 
Shigeoka, S.  (2010) Arabidopsis chloroplastic ascorbate peroxidase isoenzymes play a 
  170
dual role in photoprotection and gene regulation under photooxidative stress. Plant Cell 
Physiol. 51: 190-200.   
 
Maruta, T., Inoue, T., Tamoi, M., Yabuta, Y., Yoshimura, K., Ishikawa, T. and Shigeoka, S. 
(2011) Arabidopsis NADPH oxidases, AtrbohD and AtrbohF, are essential for jasmonic 
acid-induced expression of genes regulated by MYC2 transcription factor. Plant Sci. 180: 
655-660.   
 
Maruta T., Noshi M., Tanouchi A., Tamoi M., Yabuta Y., Yoshimura K. Ishikawa T. and 
Shigeoka, S. (2012a) H2O2-triggered retrograde signaling from chloroplasts to nucleus 
plays specific role in response to stress. J. Biol. Chem. 287: 11717-11729.   
 
Maruta, T., Yoshimoto, T., Ito, D., Ogawa, T., Tamoi, M., Yoshimura, K. and Shigeoka, S. 
(2012b) An Arabidopsis FAD pyrophosphohydrolase, AtNUDX23, is involved in flavin 
homeostasis. Plant Cell Physiol. 53: 1106-1116.  
 
Maruta, T., Ojiri, M., Noshi, M., Tamoi, M., Ishikawa, T. and Shigeoka S. (2013)  
Activation of γ-aminobutyrate production by chloroplastic H2O2 is associated with the 
oxidative stress response. Biosci. Biotechnol. Biochem. 77: 422-425.   
 
Maruta, T., Noshi, M., Nakamura, M., Matsuda, S., Tamoi, M., Ishikawa, T. and Shigeoka, 
S. (2014) Ferulic acid 5-hydroxylase 1 is essential for expression of anthocyanin 
biosynthesis-associated genes and anthocyanin accumulation under photooxidative stress 
  171
in Arabidopsis. Plant Sci. 219-220: 61-68.   
 
Maruta, T., Sawa, Y., Shigeoka, S. and Ishikawa T. (2016) Diversity and evolution of 
ascorbate peroxidase functions in chloroplasts: more than just a classical antioxidant 
enzyme? Plant Cell Physiol. in press.   
 
Matsui, K., Umemuta, Y. and Ohme-Tahagi, M. (2008) AtMYBL2, a protein with a single 
MYB domain, acts as a negative regulator of anthocyanin biosynthesis in Arabidopsis, 
Plant J. 55: 954-967.   
 
Mazzotta, S. and Kemmerling, B. (2011) Pattern recognition in plant innate immunity. J. 
Plant Pathol. 93: 7-17.   
 
Medina, J., Catalá, R. and Salinas, J. (2011) The CBFs. Three Arabidopsis transcription 
factors to cold acclimate. Plant Sci. 180: 3-11.   
 
Melotto, M., Panchal, S. and Roy, D. (2014) Plant innate immunity against human 
bacterial pathogens. Front. Microbiol. 5: 411.   
 
Meskauskiene, R., Nater, M., Goslings, D., Kessler, F., op den Camp, R. and Apel, K. 
(2001) FLU. A negative regulator of chlorophyll biosynthesis in Arabidopsis thaliana. 
Proc. Natl. Acad. Sci. U.S.A. 98: 12826-12831.   
 
  172
Mhamdi, A., Queval, G., Chaouch, S., Vanderauwera, S., Van Breusegem, F. and Noctor, 
G. (2010) Catalase function in plants: a focus on Arabidopsis mutants as stress-mimic 
models. J. Exp. Bot. 61: 4197-4220.   
 
Miller, G., Schlauch, K., Tam, R., Cortes, D., Torres, M.A., Shulaev, V., Dangl, J.L. and 
Mittler, R. (2009) The plant NADPH oxidase RBOHD mediates rapid systemic signaling 
in response to diverse stimuli. Sci. Signal. 2: ra45.   
 
Mittler, R., Vanderauwera, S., Gollery, M. and Van Breusegem, F. (2004) Reactive 
oxygen gene network of plants. Trends Plant Sci. 9: 490-498.   
 
Mittler, R., Vanderauwera, S., Suzuki, N., Miller, G., Tognetti, V.B., Vandepoele, K., 
Gollery, M., Shulaev, V. and Van Breusegem, F. (2011) ROS signaling. The new wave? 
Trends Plant Sci. 16: 300-309.   
 
Mittler, R. (2002) Oxidative stress, antioxidants and stress tolerance. Trands. Plant Sci. 9: 
405-410.   
 
Morishita, T., Kojima, Y., Maruta, T., Nishizawa-Yokoi, A., Yabuta, Y. and Shigeoka, S. 
(2009) ArabidopsisNACtranscription factor, ANAC078, regulates flavonoid biosynthesis 
under high-light. Plant Cell Physiol. 50: 2210-2222.   
 
Munné-Bosch, S. and Alegre, L. (2002) Interplay between ascorbic acid and lipophilic 
  173
antioxidant defences in chloroplasts of water-stressed Arabidopsis plants. FEBS lett. 524: 
145-148.   
 
Munné-Bosch, S., Queval, G. and Foyer, C.H. (2013) The impact of global change factors 
on redox signaling underpinning stress tolerance. Plant Physiol. 161: 5-19.   
 
Murmu, J., Bush, M.J., DeLong, C., Li, S., Xu, M., Khan, M., Malcolmson, C., Fobert, 
P.R., Zachgo, S. and Hepworth, S.R. (2010) Arabidopsis basic leucine-zipper 
transcription factors TGA9 and TGA10 interact with floral glutaredoxins ROXY1 and 
ROXY2 and are redundantly required for anther development. Plant Physiol. 154: 
1492-1504.   
 
Myouga, F., Hosoda, C., Umezawa, T., Iizumi, H., Kuromori, T., Motohashi, R., Shono, 
Y., Nagata, N., Ikeuchi, M. and Shinozaki, K. (2008) A heterocomplex of iron superoxide 
dismutases defends chloroplast nucleoids against oxidative stress and is essential for 
chloroplast development in Arabidopsis. Plant Cell. 20: 3148-3162.   
 
Nakagawa, T., Kurose, T., Hino, T., Tanaka, K., Kawamukai, M., Niwa, Y. Toyooka, K., 
Matsuoka, K., Jinbo, T. and Kimura, T. (2007) Development of series of gateway binary 
vectors, pGWBs, for realizing efficient construction of fusion genes for plant 
transformation. J. Biosci. Bioeng. 104: 34-41.   
 
Nishizawa, A., Yabuta, Y., Yoshida, E., Maruta, T., Yoshimura, K. and Shigeoka, S. (2006) 
  174
Arabidopsis heat shock transcription factor A2 as a key regulator in response to several 
types of environmental stress. Plant J. 48: 535-547.   
 
Noctor, G., Queval, G., Mhamdi, A., Chaouch, S. and Foyer, C.H. (2011) Glutathione. 
Arabidopsis Book 9: e0142.   
 
Noctor, G., Mhamdi, A., Chaouch, S., Han, Y., Neukermans, J., Marquez-Garcia, B. 
Queval, G. and Foyer, C.H. (2012) Glutahione in plants: an integrated overview. Plant 
Cell Environ. 35: 454-484.   
 
Nomura, H., Komori, T., Uemura, S., Kanda, Y., Shimotani, K., Nakai, K., Furuichi, T., 
Takebayashi, K., Sugimoto, T., Sano, S., Suwastika, I.N., Fukusaki, E., Yoshioka, H., 
Nakahira, Y. and Shiina, T. (2012) Chloroplast-mediated activation of plant immune 
signalling in Arabidopsis. Nat. Commun. 3: 926.   
 
Noshi, M., Maruta, T. and Shigeoka, S. (2012) Relationship between chloroplastic H2O2 
and the salicylic acid response. Plant Signal. Behav. 7: 944-946.   
 
Noshi, M., Hatanaka R., Tanabe, N., Terai, Y., Maruta, T. and Shigeoka, S. (2016) Redox 
regulation of ascorbate and glutathione by a chloroplastic dehydroascirbate reductase is 
required for high-light stress tolerance in Arabidopsis. Biosci. Biotechnol. Biochem. 80: 
870-877.   
 
  175
Novillo, F., Alonso, J.M., Ecker, J.R. and Salinas, J. (2004) CBF2/DREB1C is a negative 
regulator of CBF1/DREB1B and CBF3/DREB1A expression and plays a central role in 
stress tolerance in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 101: 3985-3990.   
 
Novillo, F., Medina, J. and Salinas, J. (2007) Arabidopsis CBF1 and CBF3 have a 
different function than CBF2 in cold acclimation and define different gene classes in the 
CBF regulon. Proc. Natl. Acad. Sci. U.S.A. 104: 21002-21007.   
 
Ogasawara, Y., Kaya, H., Hiraoka, G., Yumoto, F., Kimura, S., Kadota, Y., Hishinuma, H., 
Senzaki, E., Yamagoe, S., Nagata, K., Nara, M., Suzuki, K., Tanokura, M. and Kuchitsu, 
K. (2008) Synergistic activation of the Arabidopsis NADPH oxidase AtrbohD by Ca2+ 
and phosphorylation. J. Biol. Chem. 283: 8885-8892.   
 
Ogawa, T., Ueda, Y., Yoshimura, K. and Shigeoka, S. (2005) Comprehensive analysis of 
cytosolic Nudix hydrolases in Arabidopsis thaliana. J. Biol. Chem. 280: 25277-25283.   
 
Ogawa T., Yoshimura K., Miyake H., Ishikawa T., Ito D., Yanabe, N. and Shigeoka, S.  
(2008) Molecular characterization of organelle-type Nudix hydrolases in Arabidopsis. 
Plant Physiol. 148: 1412-1424.   
 
op den Camp, R.G., Przybyla, D., Ochsenbein, C., Laloi, C., Kim, C., Danon, A., Wagner, 
D., Hideg, E., Göbel, C., Feussner, I., Nater, M. and Apel, K. (2003) Rapid induction of 
distinct stress responses after the release of singlet oxygen in Arabidopsis. Plant Cell 15: 
  176
2320-2332.   
 
Page, M., Sultana, N., Paszkiewicz, K., Florance, H. and Smirnoff, N. (2012) The 
influence of ascorbate on anthocyanin accumulation during high light acclimation in 
Arabidopsis thaliana: further evidence for redox control of anthocyanin synthesis. Plant 
Cell Environ. 35: 388-404.   
 
Pajerowska-Mukhtar, K.M., Emerine, D.K. and Mukhtar, M.S. (2013) Tell me more: roles 
of NPRs in plant immunity. Trends Plant Sci. 18: 402-411.   
 
Peltier, J.B., Cai, Y., Sun, Q., Zabrouskov, V., Giacomelli, L., Rudella, A. Ytterberg, A.J. 
Rutschow, H. and van Wijk, K.J. (2006) The oligomeric stromal proteome of Arabidopsis 
thaliana chloroplasts. Mol. Cell. Proteomics 5: 114-133.   
 
Petroni, K. and Tonelli, C. (2011) Recent advances on the regulation of anthocyanin 
synthesis in reproductive organs. Plant Sci. 181: 219-229.   
 
Plancot, B., Santaella, C., Jaber, R., Kiefer-Meyer, M.C., Follet-Gueye, M.L., Leprince, J., 
Gattin, I., Souc, C., Driouich, A. and Vicré-Gibouin, M. (2013) Deciphering the responses 
of root border-like cells of Arabidopsis and flax to pathogen-derived elicitors. Plant 
Physiol. 163: 1584-1597.   
 
Queval, G., Issakidis-Bourguet, E., Hoeberichts, F.A., Vandorpe, M., Gakiere, B.,  
  177
Vanacker, H., Miginiac-Maslow, M., Van Breusegem, F. and Noctor, G. (2007) 
Conditional oxidative stress responses in the Arabidopsis photorespiratory mutant cat2 
demonstrate that redox state is a key modulator of daylength-dependent gene expression, 
and define photoperiod as a crucial factor in the regulation of H2O2-induced cell death. 
Plant J. 52: 640-657.   
 
Ramírez, L., Bartoli, C.G. and Lamattina, L. (2013) Glutathione and ascorbic acid protect 
Arabidopsis plants against detrimental effects of iron deficiency. J. Exp. Bot. 64: 
3169-3178.   
 
Rao, M.V., Lee, H., Creelman, R.A., Mullet, J.E. and Davis, K.R. (2000) Jasmonic acid 
signaling modulates ozone-induced hypersensitive cell death. Plant Cell 12: 1633-1646.   
 
Reuber, T.L., Plotnikova, J.M., Dewdney, J., Rogers, E.E., Wood, W. and Ausubel, F.M. 
(1998) Correlation of defense gene induction defects with powdery mildew susceptibility 
in Arabidopsis enhanced disease susceptibility mutants. Plant J. 16: 473-485.   
 
Reumann, S., Quan, S., Aung, K., Yang, P., Manandhar-Shrestha, K., Holbrook, D., Linka, 
N., Switzenberg, R., Wilkerson, C.G., Weber, A.P., Olsen, L.J. and Hu, J. (2009) In-depth 
proteome analysis of Arabidopsis leaf peroxisomes combined with in vivo subcellular 
targeting verification indicates novel metabolic and regulatory functions of peroxisomes. 
Plant Physiol. 150: 125-143.   
 
  178
Rizhsky, L., Liang, H. and Mittler, R. (2003) The water-water cycle is essential for 
chloroplast protection in the absence of stress. J. Biol. Chem. 278: 38921-38925.   
 
Rochon, A., Boyle, P., Winges, T., Fobert, P.R. and Després, C. (2006) The coactivator 
function of Arabidopsis NPR1 requires the core of its BTB/POZ domain and the 
oxidation of C-terminal cysteines. Plant Cell 18: 3670-3685.   
 
Roxas, V.P., Smith, R.K., Allen, E.R. and Allen, R.D. (1997) Overexpression of 
glutathione S-transferase/glutathione peroxidase enhances the growth of transgenic 
tobacco seedlings during stress. Nat. Biotechnol. 15: 988-991.   
 
Sagi, M. and Fluhr, R. (2006) Production of reactive oxygen species by plant NADPH 
oxidases. Plant Physiol. 141: 336-340.   
 
Sattler, S.E., Gilliland, L.U., Magallanes-Lundback, M., Pollard, M. and DellaPenna, D.  
(2004) Vitamin E is essential for seed longevity and for preventing lipid peroxidation 
during germination. Plant Cell. 16: 1419-1432.   
 
Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., 
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.Y., White, D.J., Hartenstein, 
V., Eliceiri, K., Tomancak, P. and Cardona, A. (2012) Fiji: an opensource platform for 
biological-image analysis. Nat. Methods 9: 676-682.   
 
  179
Schmitt, F.J., Renger, G., Friedrich, T., Kreslavski, V.D., Zharmukhamedov, S.K., Los, 
D.A., Kuznetsov, V.V. and Allakhverdiev, S.I. (2014) Reactive oxygen species: 
re-evaluation of generation, monitoring and role in stress-signaling in phototrophic 
organisms. Biochim. Biophys. Acta. 1837: 835-848.   
 
Schmidt, R. and Schippers, J.H. (2014) ROS-mediated redox signaling during cell 
differentiation in plants. Biochem. Biophys. 1850: 1497-1508.  
 
Schulz, P., Neukermans, J., Van Der Kelen, K., Mühlenbock, P., Van Breusegem, F., 
Noctor, G., Teige, M., Metzlaff, M. and Hannah, M.A. (2012) Chemical PARP inhibition 
enhances growth of Arabidopsis and reduces anthocyanin accumulation and the activation 
of stress protective mechanisms. PLoS ONE 7: e37287.   
 
Sels, J., Mathys, J., De Coninck, B.M., Cammue, B.P. and De Bolle, M.F. (2008) Plant 
pathogenesis-related (PR) proteins. A focus on PR peptides. Plant Physiol. Biochem. 46: 
941-950.   
 
Seyfferth, C. and Tsuda, K. (2014) Salicylic acid signal transduction: the initiation of 
biosynthesis, perception and transcriptional reprogramming. Front. Plant Sci. 5: 697.   
 
Shearer, H.L.,Wang, L., DeLong, C., Després, C. and Fobert, P.R. (2009) NPR1 enhances 
the DNA binding activity of the Arabidopsis bZIP transcription factor TGA7. Botany 87: 
561-570.   
  180
 
Shearer, H.L., Cheng, Y.T., Wang, L., Liu, J., Boyle, P., Després, C., Zhang, Y., Li, X. and 
Fobert, P.R. (2012) Arabidopsis clade I TGA transcription factors regulate plant defenses 
in an NPR1-independent fashion. Mol. Plant Microbe Interact. 25: 1459-1468.   
 
Shigeoka, S., Nakano, Y. and Kitaoka, S. (1980) Metabolism of hydrogen peroxide in 
Euglena gracilis z by L-ascorbic acid peroxidase. Biochem. J. 186: 377-380.   
 
Shigeoka, S., Onishi, T., Nakano, Y. and Kitaoka, S. (1987) Characterization and 
physiological function of glutathione reductase in Euglena gracilis z. Biochem. J. 242: 
511-515.   
 
Shigeoka, S., Ishikawa, T., Tamoi, M., Miyagawa, Y., Takeda, T., Yabuta, Y. and 
Yoshimura, K. (2002) Regulation and function of ascorbate peroxidase isoenzymes. J. 
Exp. Bot. 53: 1305-1319.   
 
Shigeoka, S. and Maruta, T. (2014) Cellular redox regulation, signaling, and stress 
response in plants. Biosci. Biotechnol. Biochem. 78: 1457-1470.   
 
Shelp, B.J., Bozzo, G.G., Zarei, A., Simpson, J.P., Trobacher, C.P. and Allan, W.L. (2012) 
Strategies and tools for studying the metabolism and function of γ-aminobutyrate in 
plants. II. Integrated analysis. Botany 90: 781-793.   
 
  181
Sinlapadech, T., Stout, J., Ruegger, M.O., Deak, M. and Chapple, C. (2007) The 
hyper-fluorescent trichome phenotype of the brt1 mutant of Arabidopsis is the result of a 
defect in a sinapic acid: UDPG glucosyltransferase. Plant J. 49: 655-668.   
 
Sivitz, A.B., Hermand, V., Curie, C. and Vert, G. (2012) Arabidopsis bHLH100 and 
bHLH101 control iron homeostasis via a FIT-independent pathway. PLoS One 7: e44843.  
 
Small, I., Peeters, N., Legeai, F. and Lurin, C. (2004) Predotar: A tool for rapidly 
screening proteomes for N-terminal targeting sequences. Proteomics. 4:1581-1590.   
 
Stael, S., Kmiecik, P., Willems, P., Van Der Kelen, K., Coll, N.S., Teige, M. and Van 
Breusegem, F. (2015) Plant innate immunity--sunny side up? Trend Plant Sci. 20: 3-11.   
 
Tausz, M., Šircelj, H. and Grill, D. (2004) The glutathione system as a stress marker in 
plant ecophysiology: is a stress-response concept valid? J. Exp. Bot. 55: 1955-1962.   
 
Torres, M.A., Jones, J.D. and Dangl, J.L. (2006) Reactive oxygen species signaling in 
response to pathogens. Plant Physiol. 141: 373-378.   
 
Torres, M.A., Dangl, J.L. and Jones, J.D. (2002) Arabidopsis gp91phox homologues 
AtrbohD and AtrbohF are required for accumulation of reactive oxygen intermediates in 
the plant defense response. Proc. Natl. Acad. Sci. U.S.A. 99: 517-522.   
 
Toth, S.Z., Schansker, G. and Garab, G. (2013) The physiological roles and metabolism of 
  182
ascorbate in chloroplasts. Physiol. Plant. 148: 161-175.   
 
Trotta, A., Rahikainen, M., Konert, G., Finazzi, G. and Kangasjärvi, S. (2014) Signaling 
crosstalk in light stress and immune reactions in plants. Philos. Trans. R. Soc. Lond. B 
Biol. Sci. 369: 20130235.   
 
Tzafrir, I., Pena-Muralla, R., Dickerman, A., Berg, M., Rogers, R., Hutchens, S., Sweeney, 
T.C., McElver, J., Aux, G., Patton, D. and Meinke, D. (2004) Identification of genes 
required for embryo development in Arabidopsis. Plant Physiol. 135: 1206-1220.   
 
Vadassery, J., Tripathi, S., Prasad, R., Varma, A. and Oelmüller, R. (2009) 
Monodehydroascorbate reductase 2 and dehydroascorbate reductase 5 are crucial for a 
mutualistic interaction between Piriformospora indica and Arabidopsis. J. Plant Physiol. 
166: 1263-1274.   
 
Vandenabeele, S., Vanderauwera, S., Vuylsteke, M., Rombauts, S., Langebartels, C., 
Seidlitz, H.K., Zabeau, M., Van Montagu, M., Inzé, D. and Van Breusegem, F. (2004) 
Catalase deficiency drastically affects gene expression induced by high light in 
Arabidopsis thaliana. Plant J. 39: 45-58.   
 
Vanderauwera, S., Suzuki, N., Miller, G., van de Cotte, B., Morsa, S., Ravanat, J.L. Hegia, 
A., Triantaphylidès, C., Shulaev, V., Van Montagu, M.C., Van Breusegem, F. and Mittler, 
R. (2011) Extranuclear protection of chromosomal DNA from oxidative stress. Proc. Natl. 
  183
Acad. Sci. U.S.A. 108: 1711-1716.   
 
Wagner, D., Przybyla, D., Op den Camp, R., Kim, C., Landgraf, F., Lee, K. P., Würsch, 
M., Laloi, C., Nater, M., Hideg, E. and Apel, K. (2004) The genetic basis of singlet 
oxygen-induced stress responses of Arabidopsis thaliana. Science 306: 1183-1185.   
 
Wang, H.Y., Klatte, M., Jakoby, M., Bäumlein, H., Weisshaar, B. and Bauer, P. (2007) 
Iron deficiency-mediated stress regulation of four subgroup Ib BHLH genes in 
Arabidopsis thaliana. Planta 226: 897-908.   
 
Wang, L. and Fobert, P.R. (2013) Arabidopsis clade I TGA factors regulate apoplastic 
defences against the bacterial pathogen Pseudomonas syringae through endoplasmic 
reticulum-based processes. PLoS One 8: e77378.   
 
Wang, Z., Xiao, Y., Chen, W., Tang, K. and Zhang, L. (2010) Increased vitamin C content 
accompanied by an enhanced recycling pathway confers oxidative stress tolerance in 
Arabidopsis. J. Integr. Plant Biol. 52: 400-409.   
 
Weigel, R.R., Bäuscher, C., Pfitzner, A.J. and Pfitzner, U.M. (2001) NIMIN-1, NIMIN-2 
and NIMIN-3, members of a novel family of proteins from Arabidopsis that interact with 
NPR1/NIM1, a key regulator of systemic acquired resistance in plants. Plant Mol. Biol. 
46: 143-160.   
 
  184
Wildermuth, M.C., Dewdney, J., Wu, G. and Ausubel, F.M. (2001) Isochorismate synthase 
is required to synthesize salicylic acid for plant defence. Nature 414: 562-565.   
 
Yang, S.D., Seo, P.J., Yoon, H.K. and Park, C.M. (2011) The Arabidopsis NAC 
transcription factor VNI2 integrates abscisic acid signals into leaf senescence via the 
COR/RD genes. Plant Cell 23:2155-2168.   
 
Yasuda, M., Ishikawa, A., Jikumaru, Y., Seki, M., Umezawa, T., Asami, T., 
Maruyama-Nakashita, A., Kudo, T., Shinozaki, K., Yoshida, S. and Nakashita, H. (2008) 
Antagonistic interaction between systemic acquired resistance and the abscisic 
acid-mediated abiotic stress response in Arabidopsis. Plant Cell 20: 1678-1692.   
 
Yao, N. and Greenberg, J.T. (2006) Arabidopsis Accelerated Cell Death2 modulates 
programmed cell death. Plant Cell 18: 397-411.   
 
Yin, R., Messner, B., Faus-Kessler, T., Hoffmann, T., Schwab, W., Hajirezaei, M.R., von 
Saint Paul, V., Heller, W. and Schäffner, A.R. (2012) Feedback inhibition of the general 
phenylpropanoid and flavonol biosynthetic pathways upon a compromised 
flavonol-3-O-glycosylation. J. Exp. Bot. 63: 2465-2478.  
 
Yonekura-Sakakibara, K., Fukushima, A., Nakabayashi, R., Hanada, K., Matsuda, F., 
Sugawara, S., Inoue, E., Kuromori, T., Ito, T., Shinozaki, K., Wangwattana, B., Yamazaki, 
S. and Saito, K. (2012) Two glycosyltransferases involved in anthocyanin modification 
  185
delineated by transcriptome independent component analysis in Arabidopsis thaliana. 
Plant J. 69: 154-167.  
 
Yoshida, S., Tamaoki, M., Shikano, T., Nakajima, N., Ogawa, D., Ioki, M., Aono, M., 
Kubo, A., Kamada, H., Inoue, Y. and Saji, H. (2006) Cytosolic dehydroascorbate 
reductase is important for ozone tolerance in Arabidopsis thaliana. Plant Cell Physiol. 47: 
304-308.   
 
Zhang, J., Shao, F., Li, Y., Cui, H., Chen, L., Li, H., Zou, Y., Long, C., Lan, L., Chai, J., 
Chen, S., Tang, X. and Zhou, J.M. (2007) A Pseudomons syringae effector inactivates 
MAPKs to suppress PAMP-induced immunity in plants. Cell Host Microbe 1: 175-185.   
 
Zhang, Y., Fan, W., Kinkema, M., Li, X. and Dong, X. (1999) Interaction of NPR1 with 
basic leucine zipper protein transcription factors that bind sequences required for salicylic 
acid induction of the PR-1 gene. Proc. Natl. Acad. Sci. U.S.A. 96: 6523-6528.   
 
Zhang, Y., Tessaro, M.J., Lassner, M. and Li, X. (2003) Knockout analysis of Arabidopsis 
transcription factors TGA2, TGA5, and TGA6 reveals their redundant and essential roles 
in systemic acquired resistance. Plant Cell 15: 2647-2653.   
 
Zhou, J.M., Trifa, Y., Silva, H., Pontier, D., Lam, E., Shah, J. and Klessig, D.F. (2000) 
NPR1 differentially interacts with members of the TGA/OBF family of transcription 
factors that bind an element of the PR-1 gene required for induction by salicylic acid. Mol. 
  186
Plant Microbe Interact. 13: 191-202.   
 
Zipfel, C. (2009) Early molecular events in PAMP-triggered immunity. Curr. Opin. Plant 
Biol. 12: 414-420.   
 
Zuo, J., Niu, Q.W. and Chua, N.H. (2000) Technical advance. An estrogen receptor-based 
transactivator XVE mediates highly inducible gene expression in transgenic plants. Plant 
J. 24: 265-273.   
  
Zurbriggen, M.D., Carrillo, N., Tognetti, V.B., Melzer, M., Peisker, M., Hause, B. and 
Hajirezaei, M.R. (2009). Chloroplast-generated reactive oxygen species play a major role 
in localized cell death during the non-host interaction between tobacco and Xanthomonas 
campestris pv. vesicatoria. Plant J. 60: 962–973.   
  187
 
PUBLICATIONS 
 
1. Maruta, T., Noshi, M., Tanouchi, A., Tamoi, M., Yabuta, Y., Yoshimura, K., Ishikawa, 
T. and Shigeoka, S. (2012) H2O2-triggered retrograde signaling from chloroplasts to 
nucleus plays specific role in response to stress. J. Biol. Chem. 287: 11717-11729.   
 
2. Noshi, M., Maruta, T. and Shigeoka, S. (2012) Relationship between chloroplastic 
H2O2 and the salicylic acid response. Plant Signal. Behav. 7: 944-946.   
 
3. Maruta, T., Inoue, T., Noshi, M., Tamoi, M., Yabuta, Y., Yoshimura, K., Ishikawa, T. 
and Shigeoka, S. (2012) Cytosolic ascorbate peroxidase 1 protects organelles against 
oxidative stress by wounding- and jasmonate-induced H2O2 in Arabidopsis plants. 
Biochem. Biophys. Acta. 1820: 1901-1907.   
 
4. Maruta, T., Ojiri, M., Noshi, M., Tamoi, M., Ishikawa, T. and Shigeoka, S. (2013) 
Activation of γ-aminobutyrate production by chloroplastic H2O2 is associated with 
the oxidative stress response. Biosci. Biotechnol. Biochem. 77: 422-425.   
 
5. Maruta, T.ǂ, Noshi, M.ǂ, Nakamura, M., Matsuda, S., Tamoi, M., Ishikawa, T. and 
Shigeoka, S. (2014) Ferulic acid 5-hydroxylase 1 is essential for expression of 
anthocyanin biosynthesis-associated genes and anthocyanin accumulation under 
photooxidative stress in Arabidopsis. Plant Sci. 219-220: 61-68.   
  188
ǂ These authors contributed equally to this work.   
 
6. Noshi, M., Hatanaka R., Tanabe, N., Terai, Y., Maruta, T. and Shigeoka, S. (2016) 
Redox regulation of ascorbate and glutathione by a chloroplastic dehydroascirbate 
reductase is required for high-light stress tolerance in Arabidopsis. Biosci. 
Biotechnol. Biochem. 80: 870-877.   
 
7. Noshi, M., Mori, D., Tanabe, N., Maruta, T. and Shigeoka, S. (2016) Arabidopsis 
clade IV TGA transcription factors, TGA10 and TGA9, are involved in 
ROS-mediated responses to bacterial PAMP flg22. Plant Sci. 252: 12-21.   
 
8. Noshi, M., Yamada, H., Hatanaka, R., Tanabe, N., Tamoi, M. and Shigeoka, S. 
(2016) Arabidopsis dehydroascorbate reductase 1 and 2 modulate redox states of 
ascorbate-glutathione cycle in cytosol in response to photooxidative stress. Biosci. 
Biotechnol. Biochem. in press.  
 
  
 
